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ABSTRACT
Over half a century ago, the paper entitled “Absence of Diffusion in Certain
Random Lattices” was published by P. Anderson and described a metal-to-insulator
transition phenomenon where electron diffusion does not occur in disordered
semiconductors. This phenomenon is now commonly referred to as “Anderson
localization” (AL). Since the AL detailed in Anderson’s paper arose from the wave
nature of electrons, similar behavior should be observed in other wave systems, more
specifically in optics.
Given the utility of optical fibers, extensive theoretical treatment has been
conducted on transverse Anderson localization (TAL, disorder in x- and y-directions,
with the z-direction remaining invariant) in such systems. Only recently has it been
experimentally observed, paving the way for studies into the influence of fiber material
on linear and nonlinear TAL. This Dissertation represents the first materials study of
doped silicate transverse Anderson localizing optical fibers (TALOFs) and their
corresponding passive and active optical properties.
More specifically, Chapter I reviews microstructured and multicore optical fiber,
and methods of their fabrication, in order to develop an understanding of the impact of
the core microstructure on waveguide properties. Then, an overview of TALOFs is
developed to provide insights into the different materials and fabrication methods used to
develop the few TALOFs reported to date. The former fiber systems are well studied;
therefore, this research Dissertation will be focused on the novel effects and material
influences on the latter (Anderson) systems.
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Chapter II begins the development of these novel fibers through in situ phase
separation in optical fibers drawn using the molten core method (MCM). Limitations in
the resulting fibers were studied, and adaptations to the fabrication method were made to
elongate the already formed microphases through development and subsequent use of a
two-tier MCM.
Chapter III introduces an alternative fiber fabrication technique, namely the stackand-draw method, specifically adapted to utilize MCM-derived precursor fibers in the
stack. The resulting fibers are characterized to understand the effects of processing on the
core microstructure, and ultimately to understand how the core microstructure leads to
TAL.
Chapters IV and V investigate the material properties and potential applications of
the TALOFs that resulted from the fabrication technique developed in Chapter III.
Specifically, Chapter IV investigates both Yb3+ and Er3+ doped TALOFs for solid-state
lasing and amplification respectively. The resulting experimental observations and
present limitations of these fibers for active applications are discussed.
In Chapter V, the first nonlinear optical TALOFs are explored. Even though the
higher refractive index phases possessed an estimated nonlinear refractive index (n2)
similar to silica, small modal effective areas were demonstrated due to the strong
localization in certain regions of these TALOFs. As a result, nonlinear optical frequency
shifts were demonstrated for the first time in a TALOF, attributed to Raman and fourwave mixing (FWM), concomitantly. While not decisive into the underlying nature of
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TAL in the presence of optical nonlinearities, this suggests that the two are not mutually
exclusive.
Finally, Chapter VI summarizes the findings of this Dissertation, discusses the
challenges with further fiber development in these TALOFs, and provides examples for
future efforts in improving both the fibers themselves, and ultimately the understanding
of these fibers.
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CHAPTER ONE
TRANSVERSE ANDERSON LOCALIZING OPTICAL FIBERS: APPLICATIONS
AND FABRICATION TECHNIQUES

I. A. A (brief) introduction to optical fiber
Optical fibers are integral components within numerous high value applications,
including (and by no means limited to) in vivo medical research [1-3],
telecommunications [4-7], high energy fiber lasers (HEFL) [8-10], and nonlinear fiber
optics [11-13]. In a report to the Office of Science and Technology in 2012, optics and
photonics directly influences $7.5 trillion in global markets with more than half assigned
to the telecommunications sector alone [14]. All information currently transported for the
internet and voice communications occurs over fiber optic systems [14], including backend wireless networks.
Conventional (cylindrical) optical fiber consists of a high refractive index core
surrounded by a low refractive index cladding, generally a doped-silica core with a pure
(or fluorine-doped) silica cladding. Light coupled in the fiber remains confined in the
core by means of total internal reflection. The light propagates along the fiber in certain
allowed field distributions, known as modes. An optical fiber is considered single-mode
(SM) if only the fundamental mode (LP01) propagates in the core. If higher order modes
can propagate, the fiber is considered multi-mode (MM). In practice, it may be difficult
to visibly determine the presence of higher-order modes [15]. A fundamental limit based
on fiber parameters exists such that SM operation occurs if 2(a/)(NA) < 2.405, with a

1

being the core radius (m),  being the incident wavelength (m), and NA being the
numerical aperture equal to (ncore2 – ncladding2)1/2. This equation defines the normalized
frequency also known as the “V value.” Since an optical fiber is generally determined for
specific wavelength-dependent applications,  then is fixed, while a and NA are varied
when designing the fiber. While SM and MM are both efficient in waveguiding, each can
satisfy very different applications. SM fibers are often adopted for long-haul
telecommunication networks as only the fundamental mode can propagate, minimizing
signal distortion over long lengths [16]. MM fibers generally possess larger core areas
which can be used for HEFL allowing for higher power coupling into the (active) fiber
core [17].
Complimentary to conventional single-core fibers are microstructured optical
fiber (MOF). These are optical fibers comprised of intentional micro-inclusions, whether
multiple cores that guide light, or multiple periodic inclusions that dominate transverse
propagation characteristics of the light. The former is commonly referred to as a
multicore optical fiber and the latter is often considered photonic crystal fiber (PCF). The
architecture of a MOF is generally periodic, however recent developments in fiber
waveguiding has generated interest in randomly distributed inclusions [18]. Interesting
and rather clever adaptations of random air structures has been introduced into the
cladding of an optical fiber yielding bend-insensitive fibers for fiber-to-the-home [19].
PCFs generally waveguide either by an effective refractive index difference between the
core and microstructured cladding, or by a photonic bandgap that exploits periodic
inclusions in the core, such that the transverse component of the electromagnetic wave

2

undergoes interference. The latter creates Bragg-like conditions that limit the allowed and
forbidden propagation directions, thereby limiting transverse propagation of light in the
fiber [20]. Multicore fibers are generally designed for increased transmission capacity or

Figure I.1. Representative electron micrographs depicting the cross-sections of a)
core/clad fiber, b) PCF, c) multicore fiber, and d) TALOF. Images b-d provided by,
Thomas (Wade) Hawkins (Clemson University), Kevin Bennet (Corning Inc.), and Dr.
Wilfred Blanc (University of Nice, France) respectively. In figures a and c, the bright
regions indicate doped cores whereas in figures b and d, the dark spots are hollow.
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image transport. Multicore transmission fibers are engineered such that the cores are
separated enough to minimize crosstalk between cores (known as core-to-core coupling)
for space-division multiplexing (SDM) [21]. SDM occurs when multiple beams are
coupled into discrete channels within a single optical fiber. For imaging fibers, since
crosstalk is not as detrimental, a higher concentration of cores per cross-sectional area is
possible.
Of the randomly distributed structures within a MOF, random air structures in the
cladding have shown to limit transverse propagation of light into the cladding,
minimizing bend-loss in specialty fibers [19]. Random structures in the core, however,
have recently been investigated for a rather interesting waveguide mechanism known as
(transverse) Anderson localization of light [22]. If these random structures, possessing
different dielectric constants compared to the surrounding glass matrix, are sufficiently
disordered, then light coupled into the core scatters and becomes transversely localized
(meaning the beam does not diffuse) as it propagates along the fiber.
While extensive research has been conducted in both industry and academia
regarding the fabrication of optical fiber, these efforts have primarily focused on
mitigating disorder, often inducing loss or other parasitic effects, through ultra-high
purity vapor deposition techniques, albeit with good reason (see $7.5 trillion economic
value comment above). Much of the current understanding of optical fiber fabrication
coincides with eliminating scattering centers (impurities, inhomogeneities) that constitute
extrinsic sources of excess loss. A fundamentally novel waveguiding mechanism in
optical fiber, such as the aforementioned transverse Anderson localization, will
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undoubtedly require uniquely engineered fabrication techniques, especially when
disorder is necessary. In recent years, alternative fiber fabrication methods have resulted
in performance advances relating to specialty optical fiber, for example, a versatile
melting technique, the Molten Core Method (MCM) [23], and a stack-and-draw method
effective in developing MOFs and PCFs [20]. The MCM was originally conceived as a
means for obtaining otherwise unstable high rare-earth oxide concentration core
(specifically terbium oxide) glasses for all-fiber Faraday isolators [24]. In the 25-year
lifespan of the MCM, it has been used to develop a wide variety of optical fibers,
including crystal-derived optical fiber [25-27], semiconductor fibers [28,29], highly
nonlinear fibers [30], and low quantum defect fiber lasers [31], to name a few.

I. B. Microstructured / multicore optical fiber
Microstructured optical fiber (MOF) are fibers that waveguide through design of
the core structure. Waveguiding can occur through a photonic bandgap, or total internal
reflection with a change in the effective refractive index of the cladding. Multicore
optical fiber are fiber waveguides that have multiple cores in the transverse facet of the
fiber each capable of waveguiding. Multicore optical fibers are generally not considered
microstructured optical fiber, since each core is designed to waveguide, whereas, for
MOFs, the microstructure determines waveguiding properties.
Multicore optical fibers have been utilized within many areas of optics and
photonics such as multicore fibers for space-division multiplexing (SDM) [21,32,33],
photonic lanterns for couplers between multimode and single mode fibers [34,35], and
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image transport [36,37]. On the other hand, MOF can include photonic bandgap fibers
(photonic crystal fibers) [20], which have been developed for many novel devices [38]
and applications, including effectively single-mode propagation in large area cores for
high energy (fiber laser) applications in all-solid [39] and glass-air (holey) [40,41] fibers.
Additionally, silica-based fibers with air inclusions, introduced through gas pumped into
the fiber during fabrication, has been demonstrated featuring a nanostructured ring
around the fiber core which has resulted in lower bend-loss fibers [42] for applications
such as fiber-to-the-house.

I. B. 1. Periodicity
I. B. 1. 1. Microstructured optical fiber (PCF)
Photonic crystal fibers (PCFs) were pioneered by Prof. Philip Russell’s group at
the University of Southampton and the University of Bath in the United Kingdom in the
mid- to late- 1990’s. They were first proposed in 1995 [43] and fabricated a year later in
1996 [44]. Since their inception, PCFs represent a very active research field in optics and
photonics. PCFs are optical fibers that possess periodic microstructures on the
wavelength scale. The first PCF [44] contained a hexagonal-shaped microstructure
around a “lattice-defect site.” It was fabricated using a stack-and-draw technique whereby
a 30 mm silica rod with a 16 mm hole was milled to form a hexagonal shape and was
drawn down to 0.8 mm for the “precursor” material. The hexagonal fibers were cut to
length and stacked in an overclad tube to be drawn to the final fiber with a periodic array
of air-holes ~300 nm in diameter with an average center-to-center spacing (pitch) of 2.3
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m [20]. The hexagonal precursor fibers enabled a high degree of periodicity in the final
fiber. The pitch and air-hole diameter could easily be tailored by modifying the
dimensions of the hole in the initial silica rod, or the dimensions of the silica rods
themselves. A high-index defect was purposely introduced in the center of the PCF by
replacing the middle hollow-core hexagonal silica rod with a solid one. “High index” in
this case does not necessarily mean higher refractive index than silica. The air holes
surrounding this lattice-defect site reduce the effective refractive index around the center,
thereby the lattice-defect becomes “high-index.” This high-index core, surrounded by an
effectively lower refractive index cladding, permits waveguiding by a modified total
internal reflection [20].
Even in the early PCFs, rather remarkable discoveries were made. Endlessly
single-mode propagation was demonstrated [45,46], whereby a cutoff wavelength (
below which MM becomes SM, for a given core radius and fiber NA) does not exist for a
specific PCF microstructure. This phenomenon is attributed to the influence of the
incident wavelength () on the effective refractive index of the cladding (nclad), which, in
turn, impacts the optical V-value (which defines the number of allowed guided modes)
through a change in the NA. As  (denominator) decreases, the effective refractive index
of the cladding (numerator) increases, extending the wavelength range for single-mode
propagation. The true range is also dependent on the ratio of the diameter of the air-holes
(d) to the center-to-center spacing () [45]. For d/ < 0.4, effectively endless singlemode propagation occurs [47]. With this phenomenon in mind, effectively single-mode,
large mode area fibers, some possessing mode areas in excess of 1000 m2 [41,48] have
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been realized and are utilized in high energy laser applications [49]. Increasing the mode
area of the fiber increases the power threshold values where parasitic optical
nonlinearities arise [50]. More recently, PCFs have also shown the capability for
supercontinuum generation [51,52], and photonic bandgap propagation (PBFs) [53-55].
PBFs guide-light due to a two-dimensional photonic bandgap in which transverse
propagation into the periodic structure is forbidden [43]. This form of waveguiding
allows light to be confined in lower-index regions, even air in hollow-core fibers [56-59].
PBFs were first realized as the “Bragg fiber” [60] in which Bragg reflectors are layered
around a cylindrical waveguide, restricting transverse propagation of light. For this to be
practical though, a substantially high index difference (n = 2.66) is necessary [61]
which is likely not tenable in conventional glass optical fibers. PBFs reported in literature
have periodic microstructures that are either all-solid [54,55] or contain air holes
[45,48,51,53,56-59].
Much of the original research in the 1990’s investigating PCFs and PBFs resulted
from Prof. Philip Russell’s group as noted. Presently, significant strides are being made
by Prof. Liang Dong at Clemson University in developing these microstructured optical
fiber. Recent advancements include near single mode, large area core fibers [62], high
power, large area core Yb-doped fiber lasers [63], and efficient mid-IR supercontinuum
generation in a solid tellurite-based fiber [64].
Many developments in PCFs and PBFs have been directed towards improving
power-scaling in high-energy fiber lasers. While the large modal area has a tendency to
reduce certain optical nonlinearities (Stimulated Brillouin Scattering and Stimulated
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Raman Scattering) that presently plague power-scaling, others become more prevalent
(transverse mode instabilities) [65]. In addition to these nonlinearity limitations, PBFs
have limited allowable bandwidth depending on the microstructure and precise
microstructures are necessary for efficient waveguiding capabilities.

I. B. 1. 2. Multicore optical fiber
A multicore fiber, as the name suggests, is a single optical fiber, possessing
multiple cores each with the capability of transmitting information along the length of the
fiber. Multicore fibers have been used in various applications, such as increased datacapacity for telecommunications fibers [21], photonic lanterns for low-loss interfaces
between single- and multi-moded fiber systems [66] and imaging either for magnification
[67] or image transport [68]. A major hinderance with multicore optical fiber is crosstalk
between cores [69]. As an optical mode propagates along the core, some of the signal is
lost to the evanescent field in the glass surrounding the core. Light lost to the evanescent
field may leak into the surrounding cores, if too close in proximity, causing distortion to
the signal and loss. Generally, crosstalk levels of -25 dB are necessary for negligible
detrimental effects on the transmission in telecom fibers [70].
Commercial multicore telecom fibers generally possess 7 cores, spaced ~40 m
apart, arranged in a hexagonal shape encompassed in a 0.018 mm2 fiber [71]. This
arrangement minimizes the number of nearest neighbors of each core, thereby reducing
the effects of core-to-core crosstalk [21]. More uncoupled cores existing in a single
optical fiber yields higher overall bandwidth in the fiber, since each distinct core
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generally has the same capacity of a standard SM fiber. The fiber diameter is generally
designed to be near to existing fiber diameters, as to reduce coupling losses. Since
telecom-grade fibers operate over hundreds of kilometers, crosstalk levels must be
sufficiently low. Recently, a configuration with 12 cores was reported with a similar
magnitude of crosstalk compared to a 7-core fiber [72]. Larger fiber possessing 19 cores
have been reported, though the crosstalk levels were too high, resulting in high levels of
signal distortion over a few kilometers [73].
For image transport fibers, such as in multicore fiber medical endoscopes, the
image resolution is determined by the number of pixels per unit area. The higher the
resolution, the more pixels per unit area. Each pixel is a result of an individual core
guiding light. If the cores are too close, crosstalk occurs, and the image becomes distorted
[68]. However, since the propagation length is generally not more than a meter or two,
the magnitude of core-to-core crosstalk can be significantly higher than the telecom
counterpart before becoming detrimental to the image transport quality. An example of
commercial imaging fibers consists of 6,000 cores in a 0.083mm2 area, up to 100,000
cores arranged in a 1.54mm2 area [74]. Generally, these cores are arranged in a highly
ordered microstructure to increase the packing factor, effectively achieving the highest
number of cores possible per unit area. Slight variations in the core properties do exist,
and are either intentionally induced to reduce crosstalk, or are a result of the fabrication
technique.
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I. B. 2. Non-periodic (random) inclusions
Randomness is oftentimes avoided as the lack of controlled microstructure results
in undesired scattering and loss, which diminishes the quality of the optical waveguide.
In certain specific applications, this randomness enhances certain fiber characteristics,
such as random air-lines in the cladding surrounding an optical fiber core [42] and novel
waveguiding in Transverse Anderson Localizing Optical Fibers (TALOFs) [75]. In the
former system, a random distribution of air holes in a nanostructured ring around the core
serves the very specific purpose of minimizing bend-loss in premise- / edge-scale optical
fiber by decreasing the effective refractive index around the core, the magnitude of which
is significantly higher than if realized through conventional (glass compositional) doping
techniques. This low-index ring reduces the power in the cladding outside of this region,
effectively minimizing bend loss. The latter (Anderson / TALOF) systems contain microinclusions in the core, similar to PCFs, however the randomness permits a larger possible
propagation bandwidth. Although nascent in terms of total research activities and fibers
realized, TALOFs have already shown promise in several early applications, such as
image transport fibers with imaging capabilities equivalent to if not better than
commercial imaging fibers [76], SM operation [77], multiple beam propagation [78], and
directional random lasing [79].

I. B. 2. 1. Transverse Anderson localizing optical fibers
In 1958, P. W. Anderson theorized the absence of diffusive wave transport in a
highly disordered scattering media [80], specifically with respect to the diffusion of
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electrons in a (doped) semiconductor material. The theory states, at sufficiently low
densities, [electron] transport does not occur and the wavefunctions remain localized
[80]. The theory is based on classical wave-behavior; therefore, it is not limited to the
transport of electrons. In 1984, S. John proposed the localization of electromagnetic
waves in a three-dimensional disordered medium [81,82], shifting studies of Anderson
localization to photon transport. Interestingly, 4 years prior, S. S. Abdullaev and F. K.
Abdullaev proposed a pseudo-2D disordered optical fiber and theorized the existence of
localized optical modes that would propagate along the fiber due to a transversely
randomized cross-section [83]. This manuscript was published in a Russian journal and,
unfortunately, was omitted from translated versions. Therefore, the initial proposal of
Abdullaev and Abdullaev went largely undiscovered [84].
In addition to the novel localization of electrons [80, 85] and photons [81,82],
Anderson localization has subsequently been studied with acoustic waves including
ultrasound [86], matter waves in cold atoms [87], and has even been postulated for
supporting quantum information storage [88]. While the theoretical work is bountiful,
experimental observations in many of these fields remains scarce [75] due to the
difficulty of developing strongly scattering disordered materials. In a recent instance,
experimental evidence is even correcting the theory presented almost 30 years prior [89].
Anderson localization can occur within materials when the mean free path of
scattering sites is on the order of the incident wavelength. Known as the Ioffe-Regel
criterion [90], this appears as kl* ~ 1 with k being the effective wavevector and l* being
the scattering transport length (or the mean free path). This is notoriously difficult to
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satisfy in 3-dimensional systems, however for 1- and 2-dimensional optical systems the
Ioffe-Regel criterion is more easily satisfied [91]. Therefore, in 1D and 2D systems, all
waves appear localized if, as it relates to fiber optics, the radius (𝜉) of the localized mode
is smaller than the radius of the scattering medium [92] (i.e. for optical fiber, light is not
guided by total internal reflection). In the 1980’s, a pair of visionaries, Abdullaev, et al.,
(mentioned above), and De Raedt, et al., presented pseudo-two-dimensional models
necessary for simplifying the structural dimensionality [83,91]. These models represented
transversely disordered, dielectric fiber-like systems in which light freely propagates
along one direction (z) but remains confined in the other two directions (x and y), deemed
transverse Anderson localization (TAL) [75].
Even though both proposed structures possess sites with varying refractive indices
in the transverse (x- and y- direction) that remain longitudinally invariant, notable
differences exist between the two architectures (Figure I.2a-b). The structure proposed by
Abdullaev, et al. [83] consists of a 2D randomized array of coupled optical fiber with
randomly distributed physical parameters, such as diameter or pitch, such that the
propagation constants of each fiber is randomly distributed. Since the fibers are coupled,
it is expected that the light will tunnel between cores. However, the efficiency of the
optical tunneling will be random, due to the random distribution of propagation constants
[94]. The structure proposed by De Raedt, et al. [91] on the other hand, divides the crosssection of the propagation media (or the core) into “pixels,” with the width of each pixel
being approximately the wavelength of light. The refractive index of each pixel is
randomly varied as either n1 or n2 with equal probability, thereby obtaining a fill-ratio of
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Figure I.2. Representative models of pseudo-2D disordered fibers proposed by a)
Abdullaev, et al., [82] consisting of randomly coupled optical fibers with varying
diameters and by b) De Raedt, et al., [83] consisting of completely random refractive
index in the transverse plane. Both depictions possess longitudinal invariance along the
length of the fibers. Reproduced from [93].
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0.5. De Raedt, et al., showed that an optical mode propagating in a fiber possessing this
structure will tend to remain localized in the transverse plane due to the transverse
scattering.
TALOFs can be exemplified as a combination of MOF and multicore optical
fiber. The random microstructure determines the effective waveguiding properties [95]
and multiple distinct localized modes can be excited across the transverse facet of the
fiber [78], yielding in a sense, a multi-“core” optical fiber that waveguides according to
the resulting microstructure. In a TALOF, the dielectric constant remains invariant along
the length of the fiber (propagation direction) while varying randomly in the one or two
transverse directions. The term “sites” described henceforth is a glass phase represented
by each pixel in Figure I.2.b. (e.g. Site 1 is the black pixel and Site 2 is the pink pixel)
with the color of each pixel represent a unique glass phase coexisting within the bulk.
The material / microstructural requirements to for TAL to be observed are defined as: 1)
the disorder exists in the transverse plane of the waveguide (longitudinally invariant), 2)
the scattering strength is sufficiently strong (refractive index of scattering centers
approaching 0.1 or greater), 3) the mean free path of scattering sites (or pitch, ) in the
system is on the order of the incident wavelength (corresponding to a site diameter being
roughly 1 µm), and 4) the fill-ratio (ratio of site 1 to site 2) of the disorder is
approximately 0.5 [92]. These requirements will be important later in this Dissertation as
novel TALOFs are designed, fabricated, and tested.
The field of transverse Anderson localization of light has grown substantially
since first proposed in 1984 (following S. John’s initial proposal on translating localized
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electronic states to localized optical modes) [81]. Research groups from across the world
are studying these novel effects, from countries including (and by no means limited to):
Italy, France, Germany, Switzerland, United States, Netherlands, Norway, Japan, China,
India, and the Czech Republic. Figure I.3 provides the present number of publications
(both conference proceedings and journal manuscripts), and citations per year, relating to
the fabrication and material properties of both polymer and glass-derived transverse
Anderson localizing optical fiber, beginning with the fabrication of the first TALOF in

Figure I.3: Graphic of the number of publications from publications (conference
proceedings and peer-reviewed journals, orange) per year. Also plotted is the number of
citations per year (blue), as of 01/10/2020.
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2012, up to the publication of this dissertation. The general field of transverse Anderson
localization of light (not limited to optical fiber waveguides) is significantly larger,
however since this dissertation focuses on optical fiber waveguides, the publications
comprising Figure I.3 are exclusively related to TALOFs. The number of manuscripts
published in peer-reviewed journals still resides in the single-digits each year, however, a
number of these manuscripts have been published in highly esteemed journals such as
Scientific Reports, Nature – Light: Sciences and Applications, and Nature
Communications, with the total number of citations exceeding 200 in 2019.
In the 1970’s, before transverse Anderson localization of light was even proposed,
a research scientist named Thomas Seward (Corning Incorporated, Corning, NY) was
investigating phase separated glass systems and studying the ability of the formed
microphases to elongate [96]. The phase separated glass investigated was comprised of
60% B2O3 – 40% PbO (by weight), formed using a conventional batch melting technique.
Seward found that if a phase separated glass was heated near its softening point (106.6
Pa.s) and drawn under a tensile load, then the microphases tend to elongate. It was
recognized that upon elongation, the phase separated glass would transition from opaque
to transparent along the drawing axis, yielding waveguide-like properties [97], even so far
as to be considered a “pseudo fiber optic device” [98]. In this era of fiber optics however,
considerable efforts were focused on attaining exceptionally low-loss optical fiber [99]
and consequently, fabrication techniques necessary to obtain the same [100,101]. Much
of the fiber community was focused on eliminating impurities in optical fiber [99]
thereby avoiding phase separation. Some work was done in the following years
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investigating the anomalous birefringence in these glasses by renown glass scientists
Prof. Minoru Tomozawa (Rensselaer Polytechnic Institute, Troy, NY) and Arun
Varshneya (Alfred University, Alfred, NY) [102,103], though it would be many years
before this work would be translated into possible Anderson-like waveguiding [93].
An early attempted demonstration of a TALOF was by Persch, et al., in 2004
[104]. Standard telecommunications-grade optical fiber was stacked in a hollow-preform
to form a hexagonal array and was drawn down to an all-solid fiber forming a
transversely disordered array of cores. The resulting fiber possessed an average core-tocore spacing () of 12.1 m with an average core diameter of 6.9 m and was found to
be longitudinal invariant over several meters. The refractive index difference between the
core and the glass matrix was determined to be n  0.00384. TAL however was not
realized in this fiber. Both the  and the core diameters are significantly larger than the
excitation wavelength used (800 nm) and the refractive index difference was likely too
low.
The first observation of TAL of light was by Schwartz, et al., in 2007 [105]
within a disordered (planar) photonic lattice produced using a photorefractive crystal. To
construct the transversely disordered lattice, an optical induction technique was used
which transforms an optical interreference pattern into localized random fluctuations in
the refractive index of the material. This permitted studies of the influences of the
strength of disorder on the beam localization radius, since the degree of disorder (, site
dimensions, fill ratio) could easily be altered. While this technique offered a
straightforward method to controlling the level of disorder present within the crystal, only
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weak localization was observed due to the low index difference obtained in the random
fluctuations (n = 0.0002). Even demonstrating weak localization sparked a resurgence
in TAL of light, bringing forth experimental evidence to validate the theory produced
more than 25 years earlier.
The first observation of TAL in an optical fiber was by Prof. Arash Mafi’s
research group from the University of New Mexico (UNM) in 2012 with the
development of a polymer TALOF [22]. 80,000 total fibers of polystyrene (PS, n = 1.59)
and polymethylmethacrylate (PMMA, n = 1.49) were randomly mixed together,
maintaining a 50% fill ratio of high-index to low-index sites. This bundle was drawn to
an air-clad, transversely disordered optical fiber. The overall dimensions of the fiber were
sufficiently large so that the boundary effects of the air-clad had no effects on the beam
localization. The site sizes in the final fiber were on the order of the wavelength of light
(~ 0.9 m) with the two polymers chosen such that n = 0.1. The influence of each of
these parameters on the beam localization length is theoretically investigated in a followup review [95]. This demonstrated the first flexible TALOF, which was used to
investigate single-fiber beam multiplexing [78] and image transport properties of TALOF
[76]. The image transport quality of this TALOF was equivalent to if not better than
image transport of commercial fiber bundles [76].
In the same year, Prof. Mafi’s group observed TAL in a glass-air optical fiber
derived from an elongated “satin quartz” artisan glass rod, fabricated by Prof. John
Ballato’s group at Clemson University [106]. The starting rod was drawn from an 8 mm
outer diameter porous silica rod to about a 250 m air-clad disordered fiber. The air holes
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were shown to elongate [107] over sufficient distances for light to propagate. The average
fill-fraction of air-to-silica was low, about 5.5% and the air-hole diameters varied from
0.2 to 5.5 m. The high index contrast between silica and air (n  0.5) provided
sufficient scattering strength for TAL to be observed even though some of the other
microstructural properties were suboptimal. Localization was only observed along the
periphery of the fiber where the average fill-ratio of air-to-silica was higher. Lasing was
investigated in this fiber by filling the air capillaries of a 10 cm long piece with a
rhodamaine 640 dye solution. The dye filled piece was pumped with a frequency
doubling Nd:YAG and directional random lasing was observed [79].
In 2014, research scientists Chen and Li from Corning Inc. reported TAL in a
glass optical fiber with random airlines in the core [108] following a technique used to
develop “bend-insensitive” optical fibers [42]. The bulk preform was developed using an
Outer Vapor Deposition (OVD) process [100]. Pure silica soot layers were deposited and
then sintered in an 100% N2 environment. During this sintering stage, N2 gas becomes
trapped in the silica blank, leaving randomly distributed air holes. The “porous” sintered
preform is then drawn to fiber. Similar to the satin quartz rod, the air-holes are elongated
during fiber drawing. Multiple fibers were drawn with this technique to varying outer
diameters to investigate the impact on the void sizes and localization strength. The
average air-hole diameter in all fiber sizes ranged from 180-390 nm and the average air
fill-fraction was slightly greater than 1% (varying from 1.3% along the fiber edge, to
0.9% in the center). Interestingly, even with the low air fill-fraction, transverse Anderson
localization of light was observed even in the center of the fiber, contrary to the satin
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quartz derived fiber of Karbasi, et al. [106]. Chen and Li attribute this discrepancy to the
differences in air-line diameters, density, and length (or longitudinal invariance), though
the latter two are not reported in either of their References [106,108].
Intrinsic to the fabrication process, no air-lines were present in the center of the
fiber. The OVD process deposits silica soot on the outside of a solid silica substrate rod.
During the nitrogen-rich sintering stage, the center portion is already solid and therefore
unable to trap the gas bubbles. It is generally expected that Anderson localization
becomes weaker with reduced material disorder (e.g. smaller air fill-fraction), though in
the fibers of Chen and Li, this seems to not be the case. Strong waveguiding
(localization) is observed in the fiber center (where no air holes are present) which raises
an interesting question; are there interactions between Anderson localization and other
waveguiding phenomena (i.e. total internal reflection) and is it possible for these various
waveguiding mechanisms to coexist within the same fiber? Or was their assertion of TAL
incorrect? This remains a topic of discussion.
In 2016, Prof. Yasutake Ohishi’s group from the Toyota Technological Institute
in Japan reported the fabrication of the first all-solid glass disordered optical rod
exhibiting transverse Anderson localization of light [109]. The rod was fabricated by
stacking and drawing thousands of fibers derived from two tellurite-based bulk glass
compositions. A few years later, Prof. Ohishi’s group reported the fabrication of the first
all-solid disordered glass optical fiber exhibiting TAL using this same technique [110].
The only difference between the rod and fiber designation is the measured outer diameter.
Both the rod and fiber were derived from the same two bulk glass compositions, the first
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of the glasses comprising of TeO2, Li2O, WO3, MoO3, and Nb2O5 (TLWMN) and the
second being TeO2, ZnO, Na2O, and La2O3 (TZNL). Both glasses were made using
conventional batch melting techniques and separate rods (of unspecified dimensions)
were formed from each. The rods were drawn to a diameter of 150 m and cut to pieces
approximately 15 cm in length. About 9,000 total pieces (4,500 from each glass) were
mixed together maintaining the 0.5 fill ratio. This bundle was fused and drawn to a 200
m disordered fiber, which was cut into pieces being 15 cm in length. These disordered
fibers were sleeved in a TZNL overclad tube to be drawn to the final rod with an outer
diameter of 3.6 mm. The fiber was comprised of the same TLWMN and TZNL glasses,
only the final diameter was 125 m instead of 3.6 mm. Multiple drawing steps were
necessary to ensure the final site size was ~1 m. At  = 1550 nm, the refractive index
difference in the bulk glasses was measured to be 0.09, and transverse Anderson
localization of light was realized. Rather interesting near-IR image transport of three
vertical slits was demonstrated with this fiber portraying the capabilities of TALOF at
wavelengths beyond the visible spectrum [110]. Recently, Prof. Ohishi’s group
numerically investigated the localization of infrared light in transversely disordered
arsenic selenide-based glasses [111] suggesting the possibility of future chalcogenide
glass-based TALOFs for high resolution infrared image transmission.
In 2017, Prof. Axel Schülzgen’s group from the University of Central Florida
(UCF) demonstrated the fabrication of a TALOF using a combination of silica rods and
tubes stacked in an overclad tube to develop glass-air disordered optical fiber [112,113].
The fabrication process for these fibers is not well described in the literature. The
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disordered core region was 278 m with an overclad diameter of 414 m. The air fillratio was 28.5% with air holes ranging from 0.64 m2 to 100 m2. Compared to the
previous silica-air disordered fibers, this fiber possessed a significantly higher fill-ratio
with noticeably larger air-sites, and fairly low loss (< 1 dB/m) which is likely due to a
longer longitudinal invariance and lower losses of the presumably telecom-grade silica
glass employed. These attributes, coupled with the large index difference between silica
and air, led to strong transverse localization of the input beam, permitting high quality
image transport over decently long lengths (> 1 m) [113]. Coupled with a deep learning
technique called the convolutional neural network, Prof. Schülzgen’s group has
demonstrated high quality bend-independent image transport in these transversely
disordered glass optical fibers [114].

I. C. Optical fiber fabrication (methods specific to this Dissertation)
Glass fiber fabrication techniques have evolved tremendously over time.
Originally drawn with rudimentary techniques such as molding a strand of glass from a
molten batch to the back of an arrow and firing across the room [115], silica-based fibers
have become some of the few materials containing properties all-but matching their
theoretical values [116]. Several vapor deposition techniques have arisen for the
development of low-loss optical fibers comprised of the core/clad construct, such as
Outside Vapor-Phase Oxidation (OVPO or OVD for Outside Vapor Deposition) [117],
Modified Chemical Vapor Deposition (MCVD) [118], and Vapor Axial Deposition
(VAD) [101]. Despite the success of these conventional techniques for developing low-
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loss optical fiber, they are scarcely used when developing specialty fibers due to limited
geometric (fiber design) capabilities and breadth of dopants into silica and their
respective concentrations. Thus, unconventional techniques are necessary and will be
investigated for the development of TALOFs. While some vapor deposition techniques
can be used, as Chen and Li have shown with their clever adaptation of the OVD
technique, higher dopant concentrations and precisely engineered MOF have been
developed with more unconventional techniques.
The principal technique used throughout this dissertation is the molten core
method (MCM) [119]. Generally, the precursor core material (e.g. powder or crystal) is
inserted into a silica-based capillary preform. The preform is loaded into an optical fiber
draw tower and heated to a temperature where the precursor becomes molten and the
fiber is drawn. Inherently, the molten core dissolves the surrounding cladding material,
forming a silicate core often with 15-20 molar percent of the initial dopant remaining
[120,121]. Through careful selection of the precursor material, a secondary phase can be
incorporated into the core through liquid-liquid phase separation occurring during the
fabrication process. Though not desirable for most specialty fibers, such a secondary
phase, depending on its refractive index properties, size, and distribution, could be of
value to novel TALOFs. In order for Anderson-localized propagation along the fiber, the
microphases need to be elongated [98]. In an attempt to elongate the formed microphases
during fiber drawing, a secondary step to the MCM can be included. For this extended
MCM, a large diameter sample is drawn with a precursor composition such that the core
becomes phase separated upon solidifying. This sample is then redrawn at a significantly
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lower temperature such that radial forces experienced by the fiber during drawing are
translated to the microphases and they elongate.
An alternative method of fiber fabrication was investigated as well, specifically a
variation of the stack-and-draw technique used in making multi-core optical fiber [122].
For the stack-and-draw process, glass fibers, rods, or tubes are stacked in a hollow-core
preform or overclad tube and the bundle is drawn to fiber. Since the volume of the fibers
is comprised mostly of silica, the viscosity difference between the cores and the cladding
is negligible and the fiber is drawn with the cores retaining their initial shape with minor
deformations. Generally, holes are drilled into the preform in the desired geometry to
make the stacking process more straightforward. When designing the fiber, the desired
light guiding mechanism determines the fiber geometry and precursor material used.
Recently, TALOF have been developed using this stack-and-draw technique
utilizing rods of two different glass compositions composition [109] or hollow silica
tubes [113]. Throughout this dissertation, many of the precursor fibers used for the stackand-draw methodology are MCM derived core/clad optical fibers. Semiconductor core
fibers developed using the reactive molten core method were explored and challenges
presented. Finally, doped-silica tubes developed using the modified chemical vapor
deposition (MCVD) lathe were stacked to introduce air disorder into the microstructure.
Through careful manipulation of the fiber draw conditions (draw temperature, speed,
applied vacuum), all-solid and air-disordered fibers can be developed.
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I. D. Aims of this Dissertation
The research on TALOFs to date has focused primarily on the fabrication
techniques for silica and air disordered fibers and various applications that have resulted
from fibers developed. Little work has been done on the material developments of
TALOFs outside of the tellurite and chalcogenide fibers of Prof. Ohishi. The purpose of
this dissertation is to advance the knowledge of the material influences on TALOF (e.g.
the impact active or highly-nonlinear dopants in silica on TALOF), some of which has
been published in literature [123-125]. It is noted that before many material properties
can be studied, a fiber fabrication process for drawing these fibers first needs to be
engineered. Much of this dissertation explores and adapts different fiber fabrication
methods in an attempt to establish concrete methods of engineering TALOFs. Not all the
methods described herein directly yielded optical fibers exhibiting waveguiding by TAL,
however it remains necessary for future scientists/scholars who may be studying material
properties of TALOF to understand fiber fabrication methods that have worked, and
especially those that have not.
For completeness, fibers generally have an outer diameter of 1 mm or less,
whereas canes are greater than 1 mm [126]. It is worth noting that the intent of this
dissertation is to develop and investigate an Anderson localizing optical fiber waveguide,
notwithstanding the overall dimensions. Oftentimes a large core diameter is necessary for
Anderson localization to be observed at long lengths to mitigate the boundary effects
(cladding induced reflection). Experimentally, it is sometimes simpler to begin with a
large-core-diameter cane possessing sufficient cladding to ensure mechanical durability
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of the sample. Inasmuch, many chapter and section titles include “fiber” in the
nomenclature. This is merely used to describe the family of material under consideration.
Finally, some of the fibers/canes developed throughout this dissertation were transversely
disordered optical fiber (TDOF) but may not necessarily have been transverse Anderson
localizing optical fiber (TALOF).
The remainder of this Dissertation is organized as follows. Chapter II explores the
possibility of utilizing in-situ phase separation within a glass optical fiber drawn with the
MCM to as a method of developing TALOFs. Chapter III utilizes an alternative method
of fiber fabrication, specifically the stack-and-draw technique, and compares the
microstructure and resulting optical properties with the phase separated fiber
counterparts. Once a fiber fabrication technique has been established, Chapter IV
introduces the material development for novel actively doped transverse Anderson
localizing optical fiber (Yb3+ and Er3+ separately) and discusses the respective lasing /
amplification characteristics. Chapter V investigates the presence of optical nonlinearities
in these TALOFs through the realization of small modal effective areas (less than 40 μm2
in a 150 µm diameter core) resulting from the strong localization. Finally, Chapter VI
provides an overview of the findings within this dissertation, describes fabrication
challenges encountered throughout, and provides suggestions for future directions of this
research.
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CHAPTER TWO
FABRICATION OF DISORDERED GLASS OPTICAL FIBERS
PART I – In situ PHASE SEPARATION

II. A. Introduction
This dissertation relates to understanding and advancing the necessary material
microstructures for TAL in a light-guiding structure, such as an optical fiber. Since AL
can be observed in the optics regime [1], herein, TAL will be described from an optics
perspective. Through use of a melting technique, such as the Molten Core method (MCM)
[2], in situ disordered glass fibers can be fabricated by exploiting the liquid-liquid phase
separation phenomena. Phase separation is often regarded as detrimental in waveguiding
structures as it yields poor optical properties due to the extensive scattering sites present in
the system. However, upon post-processing, phase separated microphases in glass have
been shown to elongate [3-5]. As described in Chapter I, the induced longitudinal
invariance has introduced light guiding capabilities in certain glass systems [6], potentially
exhibiting transverse Anderson localization avant la lettre.
The purpose of this Chapter is to evaluate the effectiveness of exploiting phase
separation in glass as a means to develop transverse Anderson localizing optical fiber
(TALOF) through a study of the resulting microstructure in phase separated optical fiber.
Firstly, the molten core method will be introduced, and a preliminary material system
will be investigated to obtain a phase separated glass optical fiber. Then the relationship
between the microstructure and transmission properties will be discussed. As knowledge
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of the relationships between microstructure and localization tendencies was gained, postprocessing techniques were developed to elongate the formed microphases in an attempt
to obtain longitudinal invariance. Finally, as insights into the viscosity dependence of
particle elongation became apparent, alternative material systems were investigated and
are discussed.

II. B. Glass fiber fabrication using the Molten Core method
As discussed in Chapter I, a potential method for fabricating disordered optical
fiber is through use of the MCM [2]. Precursor core materials (powder or crystalline
rods) are prepared and inserted into a glass capillary preform. The loaded preform is
transferred to an optical fiber draw tower and heated past the softening temperature of the
silica-based cladding to be drawn to fiber. At this temperature, the core material becomes
molten and dissolves some of the surrounding silica cladding, diluting the initial
precursor mixture [7]. The high quenching rates (~2000C/s) allow otherwise unstable
silicates to form the core. This allows for a plethora of dopants to be utilized, including
alkaline earth oxides (AEO) [8], alkali earth oxides [9], and rare-earth oxides (REO) [10],
many of which exhibit liquid-liquid immiscibilities with silica. Using this technique,
optical fibers can be fabricated yielding highly-doped silicate compounds that not are
normally achievable through conventional vapor deposition methods, some with dopant
concentrations in excess of 50 molar percent (mol%) [10].
If the initial material system exhibits liquid-liquid immiscibility with silica, in situ
phase separation can occur within the core. This is due to the core composition shifting
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during the draw to higher silica concentrations oftentimes within the liquid-liquid
immiscibility dome, leading directly to a phase separated core that is quenched into a
solid when the fiber cools. Phase separation is not always detrimental for glass systems
[11]. Manipulating the microstructure of the immiscible phases in these systems allows
glass scientists to tailor material components of these systems, such as transparency [12],
viscosity [13,14], and chemical durability [15].
Since phase separation corresponds with specific temperature and composition
ranges (-T∆S) [16], the microstructure is directly related to the relative positioning within
the immiscibility dome on phase diagrams. Compositions closer to the edge of the
immiscibility dome often have finer microphases (~100 nm diameters) and those further
towards the interior have larger microphases (~1 µm) [13]. It was originally believed that
adding certain nucleating agents, such as P2O3, ZrO2, or TiO2 into a silicate glass melt will
promote phase separation, due to the large ionic field strength possessed by said
nucleating agents [17]. However, it was later shown that adding some of these minor
constituents, such as ZrO2 or TiO2, actually mitigates phase separation in silicate systems.
Looking at the Z/r component (with Z being valance electrons, and r being ionic radius)
of ions becomes insufficient for determining phase separating tendencies of minor
constituents. Further studies indicated the Z/a2 component (with a being atomic
separation) of ions is a better indication of phase separation tendencies. It was stated that
if ions have a Z/a2 value less than Si, they will mitigate phase separation in silicate
systems, and if the ions have Z/a2 values larger than Si, they will enhance phase
separation. Certain dopants when added to these phase-separated silicate systems, such as
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Al2O3 to decrease [18] or P2O5 to enhance [17] phase separation, can be used to tailor the
overall microstructure.
Mechanical techniques, such as controlled elongation [3,4], can be used to modify
the microstructure of formed microphases. At temperatures near the softening
temperature of the glass (106.6 Pa.s, or ~1925°C for pure silica [19]), if an axial load is
applied, the glass will elongate by viscous flow and will exert pressures on particles or
microphases present within the glass, potentially yielding elongated microphases. For
more information regarding the mechanisms of microphase elongation, T. Seward
provides a thorough review of the phenomenon [5] providing both theory and
experimental evidence. These elongated phases demonstrated “anomalous optical
properties” of interest, such as birefringence [20], light guiding, and polarization [6].
A wealth of literature is available on phase separation tendencies of binary and
ternary silicate glasses [2-6,11-15,17-25], including the (unintentional) fabrication of
phase separated optical fibers using this molten core method [27] with AEO powder as a
precursor. Many binary AEO-SiO2 compositions phase separate at high silica
concentrations [28]. Of these, magnesium oxide (MgO), calcium oxide (CaO), and
strontium oxide (SrO) will be considered, due to availability and fewer safety concerns
relative to the remaining AEOs.
A pure silica preform is generally drawn to fiber at temperatures between 1750°C
– 2100°C (though it becomes difficult when drawing below 1800°C), a range that
encompasses the entirety of the CaO-SiO2 immiscibility dome [28]. This suggests
microstructural tailorability in the final fiber as the dimensions of the formed
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microphases correspond to relative positions within the immiscibility dome. Therefore,
CaO-SiO2 is used as a preliminary system to begin investigating the microstructure of
phase separated, highly disordered optical fiber. For convention, samples produced from
a single oxide precursor will be known as “MO-derived” with M being the metal cation.

II. C. In situ phase separation
II. C. 1. Fabricating disordered optical fibers
Calcium oxide powder (Puratronic® 99.998% purity, provided by Alfa Aesar) was
packed into a telecommunications grade silica capillary preform (3 mm inner / 30 mm
outer diameter, provided by Heraeus). The packed preform was loaded into the optical
fiber draw tower and subsequently drawn into cane (~150 m core / 1.5 mm cladding
diameter) at 2000C. The feed rate and line speed were 2 mm/min and 0.8 m/min
respectively. Sections of the resulting cane were scored using a ceramic tile and broken to
produce a flat cross-section. These samples were polished to a 0.5 m finish using SiC
polishing pads. Additional samples were suspended longitudinally in an EpoKwick FC
epoxy resin (Buehler) and polished to expose the core along the length of the fiber. Both
the cross-section and longitudinal axis were analyzed under the Hitachi SU-6600
scanning electron microscope (SEM) operating at an accelerating voltage of 15 keV in
variable pressure mode at 30 Pa and a working distance of 10 mm to verify phase
separation and investigate longitudinal invariance (micrographs provided in Figure II.1).
Physical properties of the microphases, such as diameter (), fill-ratio, and pitch (),
were determined using ImageJ.
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II. C. 2. Characterization of disordered optical fibers
Figure II.1 shows the highly disordered, phase separated core. The microphases
are SiO2-rich (dark) phases, and the matrix is CaO-rich (light) phase encompassing the
microphases. The average microphase diameter varied radially, being 1.3 m towards the
edge and 0.9 m towards the interior of the core. The average pitch (distance between
nearest neighbors) was 0.7 m and the fill-ratio of microphase to matrix was 0.32.
Longitudinal analysis indicated no invariance as the microphases were spherical in shape.
These values correspond to the cross-sections presented in Figures II.1 a-c but may not be
representative of the entire fiber, due to the intrinsically random nature of phase
separation.
Energy dispersive x-ray spectroscopy (EDX) was conducted using the Hitachi
SU-6600 for compositional analysis to be used in refractive index calculations. For EDX,
an electron beam interacts with the sample and excites electrons to higher energy states
within the atoms. As the electrons relax, they emit characteristic x-rays that are detected
and counted. The electrons from the beam scatter as they interact with the material,
therefore the beam probes a volume of the material, regarded as a teardrop shape,
collecting an average composition [29]. The teardrop diameter is dependent on the
electron-beam energy, incident angle, and atomic density of the sample. The denser the
material, the shorter the penetration depth and the smaller the teardrop diameter. As an
example, the teardrop diameter for gallium arsenide (ρ = 5320 kg/m3) at a given
accelerating voltage is ~1 m [30], so the teardrop diameter for fused silica (ρ = 2200
kg/m3) at the same accelerating voltage will be larger. Within phase separated silicate
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Figure II.1. SEM micrographs of phase separated, CaO-derived cane at a) 450x and b)
3500x. The matrix of the core is the lighter region and the microphases are the darker
circular shapes. c) shows the longitudinal section of the cane at 1000x with distinct
microphases.

glasses, the probing region of the electron beam is oftentimes larger than the observed
microphases, thereby collecting counts from the surrounding matrix as well as the
microphase, yielding inaccurate compositional data. Alternatively, if the sample is thin
enough (< 100 nm), the electron beam cannot transversely scatter as widely, and the
microphases may be analyzed.
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Figure II.2. SEM micrographs of CaO-derived optical fiber with a) was taken using the
Hitachi SU-6600 and b) using the Hitachi NB5000 dual-beam after the sample was
removed from the fiber and polished to a thickness of ~100 nm. Provided on both are the
beam probe locations (red) and the probe diameter (outer blue ring for Figure a).

Using the Hitachi NB5000 dual-beam Focused Ion Beam (FIB) and Scanning /
Transmission Electron Microscope (STEM), a 50 m2 region of the core was lifted out.
The FIB bombards the sample with gallium ions, allowing for the precise fabrication of a
micrometer-sized sample (10 m x 5 m). The sample is removed from the bulk using a
probe, and subsequently ion polished to a thickness of less than 100 nm (a more detailed
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description of this process is provided in Appendix II.F.1). The sample is then analyzed
using EDX for compositional data. This technique allows for more accurate
compositional analysis as the beam probe diameter is less than 1 m, instead of ~3.5 m
(Figure II.2). While this allows for a more precise compositional measurement (smaller
probing area), the sample can be contaminated with gallium ions that may skew the
actual composition.
The measured compositions are plotted against the CaO-SiO2 phase diagram in
Figure II.3. For a phase separated system, the composition of the two phases are (often)
determined by an isothermal line intersecting either side of the immiscibility dome, with
the intersection points being the respective compositions. Interestingly, this is only
somewhat the case for the measured compositions. The slight discrepancy could be a
result of the two compositions (CaO-rich matrix and SiO2-rich microphase) having
different fictive temperatures, thereby effectively solidifying at different temperatures, or
the composition of the matrix varying radially in the core.
The refractive indices of the matrix and microphase were estimated to be 1.502
and 1.449 respectively, yielding an index difference (n) of 0.052. The refractive index
values were calculated using an additivity model [32] given as:
(1)
nbinary is the refractive index of the binary system, m is the dimensionless volume fraction,
and nA/B is the refractive index of pure material A or B. Furthermore, m is calculated
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using Equation 2:
(2)
with MA/B being the molar mass of component A or B in kg/mol, ρA/B being the density of
A or B in kg/m3, and [CA/B] the molar composition in fraction or percent as a decimal.

Figure II.3. Compositional phase diagram for the AEO-SiO2 systems with emphasis on
the immiscibility domes. Included is the draw temperature at 2000°C, the expected
compositions (Xmatrix and Xphase) at this temperature (blue, dashed) and the measured
compositions (orange, solid). Adapted from [31].
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Compositional data determined from the ion etched sample and estimated refractive
indices are provided in Table II.1. The density and refractive index values used in the
calculations are also provided. The refractive index and density values for amorphous
fused silica and amorphous calcium oxide were given in [33] and [34] respectively.
While there is quite a lot of variability reported for the density of amorphous CaO, for
simplicity, the value used in the calculations was simply the one provided in Ref. 34.

Table II.1. Refractive index (n) data for CaO-derived cane with density () and molar
mass (M) provided. Density was not determined for the matrix or the microphase.

Microphase
Matrix
SiO2
CaO

SiO2
molar%
97.5
74.1
100
0

CaO
molar%
2.5
25.9
0
100

n
ρ
[λ = 1534 nm] [kg/m3]
1.449
--1.502
--1.444
2200
1.711
2608

M
[kg/mol]
----.06008
.05608

References
----33
34

Table II.2. A summary of the microstructural parameters of the CaO-derived cane
compared against target values, including average microphase diameter (Φ, μm), average
pitch (Λ, μm), the fill ratio, refractive index difference between the matrix and
microphase (n), and longitudinal invariance. “Microstructural Requirements” deduced
from a systematic study of fiber design parameters presented in Ref. [35].

CaO-derived
Microstructural
Requirements

Φ [μm]

Λ [μm]

Fill Ratio

n

1.1
1.00

0.66
1.00

0.32
0.50

0.052
0.100
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Longitudinal
Invariance
✕
✓

A comparison between the microstructural properties obtained with a phase separated
system and the “ideal requirements” for TAL are provided in Table II.2.

II. C. 3. Transmission properties
Cane samples (~10 cm length segments) were sent to University of New Mexico
(UNM) for Anderson localization testing. The samples were cleaved, polished, and then
butt-coupled to a standard single mode telecommunications optical fiber (SMF-28) and
analyzed using a He-Ne laser. The SMF-28 fiber is on a motorized stage that can move in
the three Cartesian directions. The SMF-28 fiber is then moved to positions relative to the
core and the light intensity is recorded from the output facet of the cane using a CCD
camera beam profiler. Figure II.4 shows the output face of the disordered fiber having a
light source input in various regions as indicated. There was no indication of transverse
localization as no light was transmitted through the core. This is due to the lack of
longitudinal invariance along the z-axis of the fiber, meaning any light entering the fiber
scatters and experiences losses surpassing the initial intensity. This suggests light does
not propagate to the end of the fiber sample and is most evident when the beam source
enters the center of the fiber (Figure II.4.a). When the beam enters near the edge of the
core (Figures II.4.b-e), light appears to propagate along the core/cladding interface
(Figures II.4.c and II.4.e) and occasionally through the cladding (Figures II.4.b and
II.4.d).
The disordered cane fabricated using in situ phase separation satisfied many
requirements for transverse Anderson localization to be observed. The average
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microphase diameter and the average pitch were 1.1 and 0.7 μm respectively with a target
value of 1 μm for both. The estimated index difference is lower than ideal, 0.052 when
targeting 0.100, but this may be improved with utilizing a precursor system possessing a
higher refractive index than calcium oxide. The limiting factor is the lack of longitudinal
invariance. In order for light propagation to occur, and for TAL to be observed, it is
imperative that longitudinal invariance exists.

II. D. Microphase elongation
It is suggested throughout literature that phase separation in glass can be
controlled/tailored mechanically [3-6,21], or chemically through dopants [11-17].
Although certain dopants may increase phase separation tendencies in glasses [21] or
increase the diameter of the formed microphases [24], they do not impact the spherical
nature of the microphases. The minimization of surface energy leads to a spherical shape
when formed in a liquid, i.e. liquid-liquid immiscibility. Since liquids are free to move
and, therefore, do not support plastic deformation, the phase separated microstructure
cannot elongate unless one or both phases are sufficiently viscous as to deform and
elongate under strain. For longitudinal invariance, the formed microphases must be
elongated in the z-direction. This can potentially be accomplished by mechanical
elongation of the glass at a temperature near the softening viscosity () [5].
If a cylindrical rod in the glassy-state, and an axial load is applied to the rod at a
temperature near the softening point (~106.6 Pa.s), it will elongate by viscous flow. If
particles (nanoparticles, or phase separated microphases) are present within the glass
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Figure II.4. Light transmission results on fabricated CaO-derived fibers. The images
show the output face of each fiber as the input beam is moved. The positioning of the
input beam relative to the core is indicated. For Figures a-e, the blue indicates the output
light. For simplicity, core/cladding labeled only in “b” but is the same for all figures.
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during this deformation, they will be subject to pressures resulting from the viscous flow
process. These pressures will tend to elongate the particles until the internal pressure is
equal to that of the pressures resulting from the interfacial surface energy. The maximum
internal pressure a particle must have for considerable elongation is given as 2/r0 
8.6x106 N/m2 [5] with  being the interfacial surface energy (J/m2) and r0 being the initial
radius of the particle (m).
Using a general value of  = 5x10-3 J/m2 for a phase separated soda lime silicate
glass [36], the minimum particle size that can be deformed by viscous flow is 1.16 nm (in
a soda-lime silicate glass). Microphases larger than this minimum diameter have been
experimentally shown to elongate [4-6]. As indicated previously, the microphases
observed in the present system are 3 orders of magnitude larger and therefore may be
able to be elongated if the phase separated cane sample is redrawn at a temperature near
the softening point.

II. D. 1. Two-tier molten core method
In an attempt to mechanically elongate the microphases, a modified two-tier
molten core method was devised. The preform used is a conventional 3x30 mm silica
capillary preform, although slightly adapted for this technique. The length of the capillary
in this case is 15 cm, as compared to the standard 5 cm. The precursor powder is loaded
into the preform, and the preform inserted into the optical fiber draw tower. In general,
the preform is drawn to a 10 mm diameter sample at some initial draw temperature
(~2000C). As is characteristic with the molten core method, the core becomes diluted by
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some of the surrounding silica during the draw, thereby shifting the final composition to
high silica concentrations. The large diameter sample is drawn first to fabricate the initial
phase-separated core. The large diameter (phase separated) sample is reloaded into the
furnace and redrawn to ~1 mm diameter cane at a lower temperature (~1700-1800C).
For the large diameter sample to be redrawn, a meter-long sample is needed which is not
tenable with a shorter capillary in preforms used in the preceding experiments. The
purpose of redrawing at a lower temperature is the intent that the glass will be near the
softening point upon drawing, thereby elongating the microphases, and the disordered
cane will exhibit signs of longitudinal invariance.
In order to test this hypothesis, the CaO-derived system was utilized. The
modified telecommunications-grade, silica preform was loaded with CaO powder
(Puratronic® 99.998% purity, provided by Alfa Aesar) and drawn to the large diameter
fiber at 2000C. The cladding and core dimensions were 10 mm and 1 mm respectively.
The core was inspected under SEM to verify phase separation. The resulting sample was
reloaded in the furnace and redrawn at 1800C to a 1 mm diameter sample. Again, phase
separation was verified using SEM.
Segments of the redrawn canes were cleaved and polished to inspect the crosssection, and additional samples were suspended in resin and polished longitudinally to
validate any elongation using the SEM. As shown in Figure II.5, the cane samples
remained phase separated, but there were no signs of microphase elongation. This is
likely due to the viscosity of the core being significantly lower than the softening point at
the redrawing temperature.
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Figure II.5. SEM micrographs of the CaO-derived fiber using the two-tier MC method of
fiber fabrication with a) showing the cross section of the fiber after redrawing with a
magnified representation of the phase separation, and b) showing the longitudinal section
of the fiber.

II. D. 2. Impact of viscosity on microphase elongation
In order to validate this theory, the core viscosity was estimated using the
measured compositions. Figure II.6 shows the compositional dependence on viscosity for
the CaO-SiO2 system at 1873K (1600°C) and 2073K (1800°C) [37]. Also indicated are
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the compositions of the CaO-rich matrix and the SiO2-rich microphases (determined in
II.C.2), their viscosities, and the softening point at 106.6 Pa.s. At the redrawing
temperature, the viscosity of the microphase is more than 3 orders of magnitude lower
than the softening point, and the viscosity of the matrix is 6 orders of magnitude lower.
This suggests a much lower drawing temperature is necessary to elongate the
microphases, one not tenable with a pure silica cladding.
This can be realized with the relative position within the CaO-SiO2 phase
diagram. The liquidus temperature of the immiscibility dome for this system is 1698°C
(Figure II.3). Above this temperature, the system is expected to be fluid (  101 Pa.s).
Since the redrawing temperature is 1800°C, more than 100K higher than the liquidus
temperature, the core is effectively molten during redrawing, and the microphases
experience negligible viscous pressure. Since the matrix and the microphases possessed
viscosities of ~101 Pa.s and ~104 Pa.s respectively, the microphases were simply
transported along the core as the sample was redrawn and were not deformed, similar to
glass marbles in a stream of water.
With this in mind, three alternative binary silicate material systems exist with a
liquidus in the immiscibility dome higher than the redraw temperature. These are
chromium oxide – silica (Cr2O3 – SiO2) [38], zirconia– silica (ZrO2 – SiO2) [39], and
nickel oxide – silica (NiO-SiO2) [40]. The liquid-liquid immiscibility temperature for the
ZrO2-SiO2 system is above 2200°C, well above the highest draw temperature for silica
and thereby will not be immediately considered, but the liquid-liquid immiscibility for
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the NiO-SiO2 system is 1777°C [40], just above the minimum drawing temperature for
silica.

Figure II.6. Compositional dependence of viscosity for the CaO-SiO2 system at 1600°C
(1873K) and 1800°C (2073K). Indicated is the softening point for glass (106.6 Pa.s),
compositions of the matrix (Xmatrix) and microphase (Xphase) , and corresponding
viscosities (). Adapted from [37].

II. D. 3. Nickel oxide-derived system
In a further attempt to elongate the formed microphases, the NiO-SiO2 system
was investigated. Historically, small amounts of NiO are used as a colorant in glasses and
ceramics to produce various hues of greens and produces spotted or streaking effects
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desired by artists [41]. As with many colorants in glass, minute dopant concentrations
(< 2 mol%) are necessary to preserve optical transparency. The liquidus in the
immiscibility dome of the NiO-SiO2 system spans from 3 mol% NiO to beyond 50 mol%
NiO [40]. Such high dopant concentrations will diminish the optical clarity of the glass.
This said, the material system is not ideal for waveguiding but may provide a better
insight into and understanding of the microstructure formed in glass fibers as a result of
phase separation, and the effects of post-processing on the formed microstructure.
NiO powder (99.995% purity provided by Alfa Aesar) was loaded into the
modified, telecommunications-grade silica capillary preform. The preform was drawn to
a 10 mm OD sample at 2000°C to induce phase separation, verified by SEM. The sample
was reinserted into the draw tower and redrawn to cane with a diameter of 1 mm with a
core diameter of ~100 m at 1770°C, just below the liquid-liquid immiscibility
temperature of NiO-SiO2. Sections of the cane were investigated (transversely and
longitudinally) for phase separation and microphase elongation. As shown in Figure
II.7.a, the redrawn cane remained phase separated, displaying various phase architectures.
Dispersed throughout the core were micron-sized silica-rich phases surrounded by
smaller phase separation on the order of hundreds of nanometers (10-7 m) (Figure II.7.b).
Within the smaller-scale phase separation, the phases showed what appeared to be signs
of elongation (Figure II.7.c), and in many cases, the phases were both reoriented and
aligned along the draw axis (Figure II.7.d).
In order to better understand some of the phase architecture and provide insight
into the microphase elongation, core composition was investigated to determine phases
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Figure II.7. Micrographs of a) the cross-section of the NiO-derived, redrawn core, b)
smaller phase separation surrounding larger phases, c) signs of phase elongation and d)
evidence of phases aligning and reorienting along the draw axis. Scales provided below
each figure.

present. A section of the core was lifted out using the FIB and subsequently polished to
~100 nm. SEM imaging and EDX provided evidence that the matrix containing the
submicron size microphases may contain crystalline nickel orthosilicate (Ni2SiO4). To
determine the crystallinity, parts of the fiber were pulverized to power for X-ray
Diffraction (XRD). Powder XRD was conducted using a Scintag PAD-V X-ray
Diffractometer to identify crystalline phases (or lack thereof). The canes were ground to
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powder using a silica mortar and pestle. It is therefore expected the powder will contain
both core and cladding material. The diffractometer utilized Cu K radiation ( = 1.5406
Å) for X-ray generation. The scan range was set to between 5 and 80 two-theta (2)
with a scan rate of 1/min. Figure II.8a shows the diffraction pattern obtained from the
fiber with the characteristic broad peak for amorphous silica at 23 (2), along with
distinct Ni2SiO4 peaks at 25, 33, 35, 36, and 37 (2).
Further investigations of the microstructure using electron microscopy yielded
more indications of crystallinity, including grains and various crystal orientations.
Figures II.8 b-e show more of the aforementioned “microphase elongation,” except the
elongation goes against the draw axis (z-axis). A contradicting NiO-SiO2 phase diagram
possesses a liquidus line for the immiscibility dome is closer to 1700C [42], similar to
that of the CaO-SiO2 system. This combined with crystalline structures presented in
Figure II.7 suggests the observed microphase elongation may have been a result of crystal
growth and not necessarily from viscous elongation. However, further studies are
necessary regarding the impact of crystal growth on the microphase deformation are
necessary to validate this hypothesis.
Interestingly, crystalline Ni2SiO4 is known to have magnetic properties [43]. A
section of the fiber was placed approximately 5 mm away from a high strength magnet
and was attracted to the magnet. The magnetization of three short samples was measured
using a PMC MicroMag 2900 Series AGM magnetometer (Princeton Measurements
Inc.). Two locations along each sample were tested and the results were averaged over 5
runs. The magnetic moments were determined over a range of -40,000 A/m to
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Figure II.8. XRD peak pattern for a) the NiO-derived optical fiber and micrographs of
various locations along the longitudinal axis of the fiber showing different
crystallographic structures taken at b) 5000x, c) 6000x, d) 8000x, and e) 9000x. For
simplicity, the draw axis is provided on the first micrograph, but remains the same for
subsequent figures.
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40,000 A/m at 342K. Figure II. 9 provides a plot of the resulting magnetic moment as a
function of the applied magnetic field. Inset is a magnification of the central region to
emphasize a hysteresis. The narrow hysteresis suggests the fibers comprise a soft
ferromagnetic material in the core. Additionally, the magnetic moment varies along the
length of the fiber, suggesting heterogeneous domains, which is likely considering the
microstructure in this present fiber (Figure II.8). While this fiber did not show Anderson
localization, if the draw conditions for this material system were optimized and a
transversely disordered, longitudinally invariant core produced, rather interesting

Figure II. 9. Magnetization hysteresis curves for the NiO-derived optical fiber with a
magnified plot inset to better represent the hysteresis.
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magnetic effects on Anderson localization of light could potentially be investigated [44]
using such a fiber.

II. E. Conclusions
Optical fibers exhibiting phase separation during the draw process are profoundly
disordered; albeit disordered in both the transverse (desired) and longitudinal directions
(undesired). Microspheres formed along the longitudinal axis of the fiber effectively
scatter all incident light. For waveguides to guide via Anderson localization, a fiber can
be disordered along the cross-section (x- and y-direction) but needs to remain
longitudinally invariant (z-direction). In an attempt to satisfy the longitudinal invariance,
the two-tier MCM was devised and further investigated. In this process, an initial large
diameter (10 mm) cane is drawn to induce phase separation. The phase separated cane is
redrawn at a lower temperature so the formed microphases are elongated by viscous flow
resulting from a viscosity mismatch between the matrix and the microphase.
The CaO-derived fiber system was investigated as it is known to phase separate
using the MCM. A large diameter (10 mm) cane sample was initially drawn (at 2000C)
to induce phase separation in the core, and subsequently redrawn (1 mm) at a lower
temperature (1800C) to elongate the formed microphases. Even at the lowest draw
temperature for the silica cladding, the core material exhibited a viscosity more than three
orders of magnitude below the softening point. The low viscosity effectively reduces the
transfer of force (tension) from the fiber draw process necessary to elongate the
microphases, and the phases remained spherical in the final redrawn cane. If the redraw
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temperature is above the liquid-liquid immiscibility temperature of the core constituents,
the core viscosity will be too low to elongate the formed microphases.
The viscosity may be close enough to the softening point if the redraw
temperature is below the liquidus of the immiscibility dome of the core constituents. This
hypothesis was tested with the NiO-SiO2 fiber system, since the liquid-liquid melting
temperature was initially believed to be 1780C. The large diameter cane sample was
fabricated to induce phase separation, and subsequently redrawn at 1770C. The core
exhibited multiple phase structures and showed signs of phase elongation. This said, the
high nickel ion concentration yielded a green translucent core and the multitude of phase
structures caused more scattering than light localization and guiding. Also, further
investigations revealed the core was semi-crystalline and formed Ni2SiO4 phases that,
upon crystal growth, may have elongated some of the phases. This is indicated by the
elongated phases beginning along the grain boundaries. The small fraction of these
phases within the overall fiber structure was sufficient to demonstrate ferromagnetism.
Finally, contradicting phase diagrams of the NiO-SiO2 system portray the liquidus line
lower than ~1780C, suggesting that the core material melted upon redrawing and
possessed a viscosity too low to elongate the microphases.
The liquidus temperature is the temperature when the entire system becomes
liquid. Below the liquidus, a liquid phase is still present coexisting with a solid phase.
Even if a material system is designed to possess a liquidus temperature (of the
immiscibility dome) above the redrawing temperature, the consequential liquid phase
may still mitigate drawing stresses that would otherwise result in phase elongation. It

69

may be necessary to redraw the formed fiber below the solidus, which is not tenable with
a pure silica cladding. As such, exploiting phase separation in glass optical fibers
fabricated using the MCM likely is not the optimal fabrication technique for developing
TALOFs.

II. F. Appendices
II. F. 1. Lift-out process using the Focused Ion Beam (FIB)

Micrograph representation of lift-out process using the FIB. Figure a) shows
material etched away using a gallium ion beam around the rectangular sample, and
tungsten layers deposited on top for welding at a later step. The stage is then angled, and
the bottom of the sample etched away. At this point in b) the sample itself is attached to
the bulk material by a small “bridge.” A small probe is c) positioned several nanometers
away from the sample and d) welded to the tungsten layers on the surface. The bridge is
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etched away and e) the sample is removed from the bulk material. The probe with
attached sample is moved and f) attached to a copper TEM grid. The probe is g) etched to
detach from the sample and h) retracted for sample analysis. Further ion etching may be
conducted to thin and polish the sample to a desired thickness after this point. Figures
courtesy of Hitachi.

II. F. 2. Elongation using laser tapering
CaO-derived fibers were sent to AFL Telecommunications in Duncan, SC to be
tapered using the LZM-100 LAZERMaster Laser Splicing System. This system uses a
CO2 laser for the heating source, as SiO2 is known to absorb radiation at the wavelength
that CO2 lasers operate. CO2 lasers are more precise and tailorable than conventional
oxygen/hydrogen flames when acting as heat sources. This system is limited to a 2.3 mm
field of view (FOV), therefore the CaO-derived fibers were drawn using the standard MC
method to a diameter of 2 mm. Aforementioned fibers were tapered to a diameter of 1
mm and returned to Clemson University for longitudinal characterization. These
experiments showed similar results as the two-tier MC method in that the formed
microphases were not elongated (Figure II.6). It was later determined that during laser
tapering, the glass fiber experiences temperatures higher than 1700C. At these elevated
temperatures, the core material (for the present system) became molten, and the
microphases flowed along the fiber as it was tapered.
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II. F. 3. Phase separated “cloves”
While exploring phase separating tendencies of other compositions, it was found
that not all the formed microphases would be spherical. In two instances, the microphases
formed in clusters that had an unusual clove appearance. The first observation of this was
in a Y2O3 – SiO2 system (Figure II.10.a), and the other was in a CaO – P2O5 – SiO2
system (Figure II.10.b). It is presently unclear why these “cloves” are forming, and very
little is found in the literature regarding their formation / origin.

Figure II.10. Electron micrographs depicting unusual phase separation in the a) Y2O3 –
SiO2 material system and b) the CaO – P2O5 – SiO2 system.
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CHAPTER THREE
FABRICATION OF DISORDERED GLASS OPTICAL FIBERS
PART II – MOLTEN CORE-DERIVED STACK-AND-DRAW

III. A. Introduction
Briefly, as noted in Chapter I and to set the stage for this chapter on fiber
fabrication, an early investigation of light transmission in a disordered glass [optical
fiber] was made by T. Seward [1,2]. Phase separated glass rods were formed and then
elongated at a temperature near the softening point of the glass. The formed microphases
were shown to have elongated and unusual light guiding properties were observed in
once opaque glasses. Interestingly, these observations were made in the mid- to late1970s, a few years before TAL was postulated [3,4]. Many years later, Pertsch, et al., [5]
investigated light propagation in a 2D array of randomly coupled optical fiber in an
attempt to observe TAL in an optical fiber. The fiber developed possessed a structure
similar to that proposed by Abdullaev, et al. [3] (See Figure I.2.a), however TAL was not
observed likely due to the low index difference (n  0.00384). Since then, most of the
fibers developed that exhibit TAL have been more closely related to the structures
proposed by De Raedt, et al. [4]. This includes the first demonstration of TAL in an
optical fiber by Karbasi, et al. [6], the first observation in a silica-air disordered fiber by
Karbasi, et al. [7], further studies of TAL in glass-air disordered fibers by Chen and Li
[8] and Zhao, et al. [9], and the first observation in an all-glass solid tellurite-based fiber
by Tuan, et al. [10,11].
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While the stack-and-draw method of fiber fabrication is more widely employed
for realizing a range of photonic crystal and microstructured optical fibers, including
endlessly single-mode optical fibers [12], hollow-core optical fibers [13], fibers for
supercontinuum generation [14], and periodic photonic crystal fibers [15,16], many of the
disordered fibers were developed by some adaptation of this same technique [17]. Each
fiber was discussed in Chapter I, however, for completeness, will be briefly described.
The polymer disordered fiber [6] was developed by stacking tens of thousands of
polymer rods together, fusing the bundle, and drawing to a single disordered fiber. The
glass-air disordered fibers of Chen and Li [8] and Zhao, et al. [9], were developed by
stacking hollow silica tubes of various dimensions together and drawing down to a single
fiber. Finally, the tellurite-based fiber [10,11] was developed by stacking tellurite glass
rods of different compositions (such that an index difference of 0.1 was achieved)
together and drawing to a consolidated rod.
The purpose of this Chapter is to investigate the viability of the stack-and-draw
technique utilizing core/clad optical fibers in the stack for fabricating a single disordered
optical fiber in the attempt to observe TAL. Firstly, an adapted version stack-and-draw
method of fiber fabrication is introduced for stacking prefabricated fibers. Then, the
impact of processing the precursor fibers, namely through wet chemical etching and
modifying preform dimensions, on the final core architecture is discussed. Additionally,
microstructure and material properties of the disordered fiber are investigated,
characterized, and the resulting transmission characteristics are discussed. Lastly, initial
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efforts on semiconductor core TAL fibers are investigated for use as precursor fibers for
the stack in an attempt to obtain a large n.

III. B. Glass fiber fabrication using the stack-and-draw technique
Precursor optical fibers, i.e., optical fibers later stacked and re-drawn for TAL
fiber studies, were initially drawn using the molten core method [18] (MCM, Chapter
II.B). A well-studied powder composition (8:5 molar ratio of Al2O3 - SrO) was used for
the precursor fibers [19]. Unless otherwise specified, all fibers described within this
chapter (until the Si-core semiconductor fibers) were derived from this composition. The
powder was prepared by weighing and mixing commercial SrO (99.5% purity, Alfa
Aesar) and Al2O3 (99.995% purity, Alfa Aesar) powders. The powders were ball-milled
to ensure homogeneous mixing, and then loaded into a silica tube to construct the
preform to be drawn to fiber. This fiber (denoted SrAlSiO) was chosen for the robustness
of the bare fiber, which permits post-processing, as well as for possessing intrinsically
low nonlinearities, which may ultimately aid in power-scaling of an eventual active
device. The capillary silica preform (3 mm inner / 30 mm outer diameter) was drawn to
125 m outer diameter fiber. Table III.1 provides the initial core composition, draw
temperature, final core composition (beginning, end of the fiber) and estimated refractive
index of the precursor fibers.
It is necessary that the fibers are bare (no organic material on the surface) when
stacked, otherwise the organic material will volatilize during the draw, likely resulting in
a rapid, undesirable expansion of softened glass or trapped air bubbles (shown in Section
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Table III.1. Composition of the precursor fiber, along with the calculated refractive
index (n) and the draw temperature (Tdraw).

Powder (SrAlSiO)
Fiber+
+
Obtained from Ref. [19]
*

SiO2
(mol%)
0
73.1

Al2O3
(mol%)
61.5
17.1

SrO
(mol%)
38.5
9.8

n*
--1.52

Tdraw
(C)
--1925

Refractive index values used in the calculations were measured at 950 nm, however

since the dispersion in the n is small over the range of 950 to 1550 nm, the values are
assumed to be identical [19]

III. C. 2). The acrylate coating was removed by soaking the fibers in acetone to swell the
coating, then stripped using a razor blade. Any residual coating was removed by setting
the fibers in an alumina crucible and placing in a furnace at 600C for 30 minutes. One
end of the bare fibers was dipped in glue to adhere the bundle (Figure III.1.a). If desired,
this bundle could then be wet etched in 49% hydrofluoric acid (HF, not pictured). The
(etched) fibers were then inserted in a 2.1 mm inner / 2.9 mm outer diameter capillary
silica tube to form the bundle (Figure III.1.b). This bundle was inserted in a 3 mm inner /
30 mm outer diameter telecommunications-grade capillary preform (3x30 for short,
Figure III.1.c) and subsequently drawn at 2000C to a 1.5 mm outer diameter (150 m
core diameter) disordered cane.
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Figure III.1. Sample preparation for the stack-and-draw method, including a) the fiber
bundle being adhered using glue to aid in subsequent etching steps, b) the bare fibers in a
capillary sleeve and c) the sleeved fibers in a silica capillary preform to be drawn to fiber.

III. C. Fabrication of the disordered cane
Figure III.2.a provides a representative image of the precursor fibers used in the
bundle (core diameter was ~15 m), and Figures III.2.b-d show the resultant disordered
cane (DC1) taken at the beginning, middle, and end of the draw, respectively. The gaps

82

present around the overall core indicate that the preform was not entirely consolidated
during the draw process. Herein, for consistency, what were the “cores” are considered
the high-index phase (doped-silica), and what was the cladding is the low-index phase
(undoped-silica). When drawn, the inner diameter of the silica sleeve reduced by a factor
of 14 (2.1 mm drawn to 0.15 mm, inner diameter of the sleeve limits the outer diameter
of the core). Interestingly, the average site size (Φ) of the high-index phase was 2 m. If
the same diameter reduction were applied (as the preform reduction) to the initial core
diameter (15 m), the expected site size would be 1.1 m. Additionally, the average
pitch (distance between sites, Λ) is 4 m, and the fill-ratio of the high-index phase was
0.13. The refractive index difference between the high- and low-index phases was
assumed to be some value less than what was reported for the precursor fibers, or < 0.07
[19].
The distribution of high index core regions was rather periodic, and the Λ and Φ
values deviate from the target. However, these can potentially be remedied by tailoring
the precursor material, such as varying the precursor core / clad geometries to lower the
average center-to-center spacing between the different phases in the final fiber.
Concomitantly, the cane can be further consolidated if a slight vacuum is applied within
the preform capillary during the draw in order to remove the gap and yield a fully solid
fiber. Since the precursor fibers were all ~125 m in diameter, the fibers were able to
stack in a periodic structure. Acid etching the precursor fibers to different diameters
should obviate the periodicity.
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Figure III.2. a) Back-illuminated light microscope image of the precursor fiber used in
the stack. Electron micrographs of the disordered core of DC1, taken at b) the beginning
of the draw (700x magnification), c) the middle of the draw (700x magnification) and d)
the end of the draw (600x magnification).

III. C. 1. Impact of wet etching precursor fibers on final microstructure
Hydrofluoric acid (HF) is commonly used to chemically etch SiO2 for
applications such as precision micromachining of thin films in standard integrated
circuits [20] as well as to clean and reduce the dimensions of optical fiber preforms [21].
Due to the extensive technological industries derived from these two applications, HF
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etching of SiO2 has been studied for quite some time [22-25]. For pure SiO2, the general
chemical reaction reported by Monk, et al., [24], as:

There is some disagreement within the literature regarding the formation of fluorosilicic
acid (H2SiF6) during the reaction [26] (Verhaverbeke, et al., suggest dissociating H2SiF6
to 2H2O + 2H+ + SiF2-6 as the end-products), however this is not within the scope of this
research. In either reaction, a slight concentration gradient may form within the etching
solution. Samples will either be suspended in the middle of the solution, or the solution
will be agitated during etching to avoid non-uniform etching along the length of the
fibers.
It is imperative to know the etching rate of the system, keeping in mind that doped
silica tends to etch faster than undoped silica. Literature suggests that the etching rate
deviates from a first-order (linear) reaction at high HF concentrations (> 4M or ~8% by
weight) [27]. For all etching experiments described herein, the time-scale is generally
short and the precision of outer diameter is not imperative, therefore, a linear
approximation of the etching rate is deemed sufficient.
Silica-clad, SrAlSiO (SrO-Al2O3-SiO2) core fibers were used to determine the HF
etching rates for the 49% HF solution (by weight). A teflon stir-bar was used to ensure a
homogeneous solution during etching. Since the outer diameter of the fibers are being
measured, the etching rate is considered for fused silica from the cladding. Figure III.3
provides a plot of the optical fiber diameter (measured using an optical microscope, 127
m at t = 0) as a function of time submerged. The slope of the line (possessing a linearity
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r2 value of 0.9977) suggests an average HF etching rate of 3 m/min of pure silica. Even
though the HF etching rate of silica is dependent on composition, stress, and fictive
temperature [28], it is assumed the fictive temperature of the fiber cladding is similar
between all samples (since draw at approximately the same draw temperature and speed
and fiber outer diameter, hence cooling rate) and residual stress in the cladding is
negligible that neither will have an appreciable impact on the etching rate.
The bare fibers were etched for 3, 5, 8, and 13 minutes in the HF-solution to yield
precursor core fibers of varying outer diameters. The etched fibers were then bundled
inside a silica capillary sleeve and inserted into a silica 3 mm x 30 mm (“3x30”) capillary
preform. The preform was drawn at a temperature of 2000C under a vacuum of 50” of

Figure III.3. Plot of the measured (silica) cladding diameter as a function of etching time
in 49% HF solution. The slope of the line provides an estimated etching rate in m/min.
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water to a 1.5 mm cane (150 m core diameter). Figure III.4 is a micrograph of the
resulting disordered cane (DC2). There are no visible gaps around the core, suggesting
the vacuum applied during the draw effectively consolidated the core, and the
microstructure appears to be less periodic. The fill-ratio was slightly higher than DC1 at
0.18, and the average Λ decreased to 2.5 m. The average Φ remained similar to the
previous draw at 2.1 m, which is to be expected as the reduction in preform diameter
remained constant. These, in addition to the microstructure of DC1, are summarized with
the target values after this section in Table III. 2 of Section III. D.
DC2 was tested for TAL at the University of New Mexico. For localization
testing, cane samples were cleaved to different lengths and the facet hand-polished. The
cane was then end-coupled to a SMF-28 optical fiber, which itself was coupled to a HeNe laser (=632.8 nm). The SMF-28 fiber is on a motorized stage that can move in the

Figure III.4. Electron micrograph of the cross-section of DC2 at 800x magnification.
The lighter contrast phases are the high-index phases.
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three Cartesian directions. The SMF-28 fiber is then moved to positions relative to the
core and the light intensity is recorded from the output facet using a CCD camera beam
profiler [29]. Figure III.5.a-c show the output face of the disordered cane (recorded on a
CCD) as light is coupled to different regions of the core. Light propagated along the
length of the cane, though the nature of the output, in which the light is seen illuminating
the high index cores regions, suggests the individual high-index nodes were guiding the
light by total internal reflection, and not TAL. Accordingly, many of the microstructural
parameters still needed to be optimized, namely the Λ and the Φ, and the index difference
quantified.

III. C. 2. Impact of preform dimensions on final microstructure
In order to obtain a (high index core region) site size closer to the target value of 1
μm, either the final cane needs to be drawn to a smaller diameter from the 3x30 preform,
or the initial preform dimensions needs to be larger. Since a large-area core is desired, the
former option was eliminated, suggesting larger preform dimensions are needed.
Therefore, the etched fibers were sleeved in a larger silica capillary tube (5.4 mm inner /
6.8 mm outer diameter) and inserted in a larger inner diameter silica preform (7.8 mm
inner / 30 mm outer diameter) as shown in Figure III.6a. The preform was drawn at
2000C to a 1 mm cane (~175 m core). Figure III.6b shows an electron micrograph of
the cross section of the disordered core (DC3). The voids throughout are likely from
organic residue (acrylate coating) on the precursor fibers off-gassing during the draw
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Figure III.5. Output of light recorded on a CCD camera from the disordered core when
light is input in the a) right, b) the left, and c) the center of the core. The x- and y- axis
represent the relative position (arbitrary units).

89

process. Since the number of fibers used in the stack nearly quadruples (~400 fibers used
for DC1 or DC2, and ~1500 used for DC3), the likelihood of missing some of the
acrylate coating on the fibers is higher. The average Φ decreased to 1.4 m and the Λ was
1.6 m. It is expected that a decrease in Λ would yield a higher fill ratio, however, due to
the voids occupying large areas thereby skewing the image analysis, the average fill ratio
was measured to be 0.20 similar to DC2.
The longitudinal invariance of the core microstructure was investigated along a 20
cm length piece of the cane. The cane was cleaved in 5 cm intervals. Figure III.7a-d are
electron micrographs taken at the 0, 5, 10, and 20 cm for the respective samples. As
shown, air bubbles are present, and an air bubble is occasionally elongated (shown with
the orange arrow) though most seem to be randomly distributed throughout the length of

Figure III.6. Example image of a) the fiber bundle inside a 7.8 x 30 mm preform, and b)
representative electron micrograph of DC3 taken at 400x magnification.
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the cane. Since not all are longitudinally uniform, these bubbles will undoubtedly impact
the transmission properties resulting in significant loss. Since transmission loss is not an
initial concern, these air bubbles can be neglected for current measurements. Future
precursor fibers are thermally treated to eliminate organic residue on the surface of the
fibers to minimize the presence of these bubbles in the final core. Contrary to the
bubbles, the high-index phases show minimal variations along the tens of centimeters.
Three locations are emphasized with an orange circle to visually aid the reader in
following the change in architecture throughout the images. Since many of the TAL
measurements occur at lengths less than 10 cm, it is assumed the core architecture is
essentially uniform over these short lengths.
The actual composition was not measured for DC3 since the high-index phases
are small in diameter. As described in Chapter II, standard EDX probes the surrounding
silica during measurements thereby providing an inaccurate composition. For more
accurate measurements, samples need to be “lifted out” using a focused ion beam and
subsequently ion etched to a thickness of ~ 100 nm. At this thickness, the electron beam
probes much smaller areas, ensuring the measurement is only of the high index phase.
This technique is oftentimes difficult and can be time-consuming (thereby expensive) and
was not performed on all fibers. The composition was, however, measured for the cane
DC4 later described in Chapter IV. The only difference between compositions and draw
parameters was the addition of 5 mol% of Yb2O3 for DC4. The measured composition of
Yb2O3 in DC4 was less than 0.5 mol%. Since the active dopant concentration is so low, it
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Figure III. 7. Representative electron micrographs (500x magnification) of the core
architecture from a) 0 cm, b) 5 cm, c) 10 cm, and d) 20 cm along the length of the cane
sample depicting the evolution of the microstructure. The scale bar applies to all figures.
The black spots represent the air holes, the high-index cores appear as the brighter dots,
and the low-index silica is the darker grey. Circles and arrows added to aid the reader.
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is assumed the Δn of DC3 is similar to that of DC4. Therefore, an assumed Δn value of
0.01 (determined in Chapter IV) will be used for subsequent discussions of DC3.
With the microstructure “inching” closer to the target parameters, DC3 was tested
for localization. Figure III.8a-c provides the output facet of the disordered core as light
from a He-Ne source is coupled to different regions. Although some of the individual
high-index nodes guide light, they are randomly coupled with nearby nodes, suggesting
evidence of TAL [30]. There was a large amount of transverse scattering observed within
the core, effectively limiting the observed TAL to shorter lengths (< 5 cm). Beyond this
critical length, the beam either occupies the entirety of the core and appears localized due
to the mismatch between the cores and the protective cladding, or the intensity of the
beam diminishes due to loss.
It is unclear the exact mechanism of the transverse scattering, though it is believed
to be a result of one or a combination of the longitudinal variations in the microstructure,
or due to a low refractive index difference between the high and low index phases. This
said, many optical measurements (e.g. absorption, emission, lifetime, attenuation, and
optical nonlinearities to name a few) can be made using short lengths of the fiber.
Thereby, this fabrication technique provides a plausible route to investigating material
influences on TALOF, and core structure / waveguide influences on optical properties of
the resulting optical fibers.
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Figure III.8. Output of light recorded on a CCD camera from the disordered core when
light is input in the a) upper right, b) the lower right, and c) the left side core. The x- and
y- axis represent the relative position.
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III. D. Comparison to in situ phase separation
A model was established to characterize the disorder within these fibers compared
to the CaO-derived phase separated cane of Chapter II using a radial distribution function
(RDF) and the statistical variance (σ2) of the resulting plots. Figure III. 9 provides a plot
of the RDF for the cross-section of DC1 (Figure III. 2d), DC3 (Figure III. 6b) the CaOderived phase separated cane (denoted PS-cane, Figure II. 1a), and a theoretical photonic
crystal fiber [31] for comparison. The PCF is included as a reference to the reader to
exemplify a perfectly ordered system, as compared to the disordered systems of this
dissertation.
The RDF counted all instances of a micro inclusion (high-index phase for DC1
and DC3, or low-index phase for PS-cane and PCF) intersecting one of a series of
concentric circles spaced equidistant from the center of the core region. Position 0
represents an arbitrary point in the center of the core. For DC1, the radius of each
concentric circle increased by 2.1 μm, 2.5 μm for DC3, 3.4 μm for PS-cane, and 1.1 μm
for the PCF. Therefore, to obtain the true distance for each sample, simply multiply the
number along the abscissa by the respective interval factor. The number of counts was
normalized to the distance of the intervals to account for the increased circumference of
each circle.
The variance of each was calculated (neglecting the 0 counts) using the sample
sets in excel and are provided in Figure III. 9 next to the respective plots. Inasmuch, the
PCF showed perfect order with a variance of 0.0%, with the next lowest being DC1 with
a variance of 2.2%, DC3 had a variance of 8.0%, and the PS-cane had the highest of
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107.9%. The higher percent variation as a function of radius, the more disorder
considered to be within the microstructure. Inasmuch, when comparing DC1 and DC3,
etching the precursor fibers and increasing the preform dimensions resulted in a near
four-fold increase in variance. This said, both DC1 and DC3 were more than an order of
magnitude lower than the PS-cane.

Figure III. 9. RDF plot measuring the number of inclusions as a function of radius for
cross-sections of DC1 (black), DC3 (red) the phase separated cane described in Chapter
II (blue), and a theoretical PCF (green) proposed in Ref. 31. The 0 position along the
abscissa indicates an arbitrary point in the core center.
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Table III.2 provides a comparison of the microstructural properties for the CaOderived phase separated fibers of Chapter II and DC3. Most of the microstructure
properties between DC3 and the CaO-derived fibers are similar in magnitude. Due to the
random nature of both fibers, the Λ and Φ are reported as average values since they will
differ throughout the fibers. The n and longitudinal invariance, however, differ greatly.
The stack-and-draw technique yielded a cane with large degree of longitudinal uniformity
with only minor variations along tens of centimeters, contradictory to the phase separated
fibers. Additionally, the refractive index difference between the two glass phases was
significantly lower for the stack-and-draw technique compared to the phase separation,
however the lower index difference primarily limits the optical path length (length at

Table III.2. Microstructural properties of DC3 compared with the phase separated CaOderived fiber from Chapter II and the target properties for a TALOF adapted from Ref.
32, including the refractive index difference (n), the core diameter (core), the diameter
of the microphase (microphase), and the pitch ().
Material Parameter

Target

DC1

DC2

DC3

0.10
< 0.07
< 0.07
0.01+
n
core
150 m
115 m
150 m
175 m
Avg. Fill Ratio
0.50
0.13
0.18
0.20
2.00
2.10
microphase
1.00 m
1.40 m
4.00
2.50

1.00 m
1.60 m
*
Longitudinal
Yes
Yes*
Yes
Yes
Invariance
+
Assumed using measurements taken from DC4 described in Chapter IV
*

Assumed based on the longitudinal invariance study of DC3
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CaOderived
0.05
120 m
0.32
1.10 m
0.66 m
No

which TAL can be observed). While both are imperative to obtaining a TALOF, at least
small lengths (5 cm) of longitudinal invariance is necessary for light propagation.

III.E. Semiconductor core optical fiber
In an attempt to develop a TALOF with an exceptionally high n, silicon (Si)
core semiconductor fibers [33] were investigated for use as precursor fibers further
utilizing the stack-and-draw technique as modified and developed in this Dissertation.
The estimated n for a fiber consisting of a silicon core and a silica cladding is greater
than 2 (at  = 1.30 m, nsilica = 1.4469 [34] and nsilicon = 3.5050 [35]), an order of
magnitude larger than the target value of 0.1. High purity silicon was inserted in a high
purity 3 mm inner / 30 mm outer diameter telecommunications grade silica preform and
drawn to fiber. Nearly 500 m of fiber was drawn at a temperature of 1950˚C to a total
cladding diameter of about 125 m. A conventional single UV-curable acrylate coating
was applied during the draw yielding a fiber diameter of about 250 m. Herein, this fiber
will be considered the “Si-core fiber.” Figure III.10. provides an optical microscope
image of the resultant fibers. The strong Fresnel reflection under front illumination in the
core suggests the presence of the Si semiconductor phase. Using a combination of ImageJ
and measurements from the optical microscope, the core diameter was determined to be
~10 m.
Due to the high temperatures associated with the draw, the core (high-index
phase) is further diluted with the surrounding silica cladding during redrawing of the
precursor fibers. Consequently, if enough silica (or oxygen) from the cladding is
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Figure III.10. Optical microscope image of a silicon core fiber clad in silica. The strong
Fresnel reflection in the core suggests the presence of the semiconductor phase.

incorporated into the Si-core, the silicon effectively oxidizes, and the semiconductor
phase core is lost. To study the impact of redrawing on the final core composition with
the semiconductor system, fibers were stacked and redrawn neglecting the acid etching
step. Precursor fibers were set in acetone to swell the acrylate coating that was then
removed using a razor blade. The bare fibers were placed in a conventional box furnace
at 600C to ensure no residual organic material on the surface. Bare fibers were bundled
together in a capillary silica tube (2.1 mm inner / 2.9 mm outer diameter) and
subsequently inserted into the silica preform (3 mm inner / 30 mm outer diameter),
shown in Figure III.11. The preform was loaded in the draw tower and drawn to a 1.5 mm
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Figure III.11. Optical fiber preform with Si-core precursor fibers stacked in the inner
capillary to be drawn to the final disordered cane. The dark color of the fibers suggests
the presence of the semiconductor phase.

outer diameter (150 m core diameter) cane at 1950C with a vacuum of 50” of water
applied to consolidate the cane.
Figure III.12.a-b are optical microscope images of the resultant cane drawn under
vacuum. Few high index (Si) sites remain in the core after drawing, either due to the
dissolution of the silica cladding and subsequent oxidation of the Si to SiO2, or the
vacuum pulling the molten Si from the stack. Since the draw temperature is nearly 500K
higher than the melting temperature of crystalline Si, the viscosity of the melt will be
significantly lower than the surrounding silica (viscosity of fused silica at 2000C is
approximately 104 Pa.s [36] whereas the viscosity of silicon measured 400K colder is
~10-4 Pa.s [37]) and the molten silicon could potentially be pulled out of the core with a
sufficient vacuum. Another stack of precursor Si-core fibers was prepared and drawn to a
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disordered cane with similar draw conditions, except no vacuum was applied. As shown
in Figure III.12.c-d, still very few high index sites are present, and the core has noticeable
air-gaps, suggesting the applied vacuum is not the issue (similar to the process reported in
Ref. [38]).

Figure III.12. Front-illuminated light microscope image of the resultant stack-and-draw
fibers drawn with vacuum (a and b) and without vacuum (c and d) applied during the
draw. The occasional bright spots indicate remaining semiconductor cores, where the
dark spots are voids in the glass.
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Novel, and rather clever, processing techniques have been investigated to
“scavenge” the oxygen migrating into the core. These techniques effectively mitigate the
incorporation of oxygen in the silicon-core fibers using either silicon carbide for
removing the oxygen [39], or through use of an alkaline earth oxide interface between the
Si-core and silica cladding [38]. As argued in Ref. 38, the alkaline earth oxide interface
appears to be more effective in scavenging the oxygen, thereby reducing the oxidation of
the core. This methodology will be pursued to redraw the Si-core fibers to smaller site
sizes (1 m) using stack-and-draw.
Silica capillary preforms were coated using the process outlined in Ref. 38 and
will be briefly described here for completeness. The inner surface of the preform was
initially cleaned by filling the cavity with ethanol, drained, and subsequently dried with
nitrogen. The coating was prepared by mixing deionized water with CaO powder to form
an aqueous calcium hydroxide (Ca(OH)2) paste, and inserted into the preform using glass
pipettes. The coating was applied to the walls of the preform using a 2 mm diameter
twisted shank tube brush, using surface tension to spread the coating, thus allowing for a
uniform layer along the walls of the preform. The preform was dried in an oven at 100C
to remove residual water in the coating. Once dried, a rod of high purity silicon (2.9 mm
outer diameter) is inserted in the capillary and the preform loaded in the draw tower.
Figure III.13 is an image of the coated preform with the silicon rod inserted.
If the coated preform is exposed to the atmosphere for an extended period of time,
the CaO coating can convert to CaCO3 at room temperature. If this is not accounted for,
the CaCO3 will decompose during the fiber draw, off-gassing CO2 into the molten core.
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Figure III.13. Optical fiber preform with a calcium oxide coating the inner capillary. A
silicon rod is within the capillary, but unable to be seen due to the opacity of the CaO
coating.

To account for the formation of CaCO3, and subsequent release of CO2, the
decomposition temperature of CaCO3 was determined. This is usually defined as the
temperature when the Gibbs free energy of the reaction (Gr, joules) is equal to 0. The
reaction equation for the decomposition of CaCO3 is CaCO3 → CaO + CO2 with Gr =
168,400 – 144T [40] (T being the absolute temperature, K) yielding a decomposition
temperature of roughly 1169K (896C). This is slightly higher than the temperature range
reported by Gallagher, et al. [41], who determined the decomposition temperature for
CaCO3 at various heating rates using Thermogravimetric Analysis (TGA). Applying this
to the fiber draw, an additional hold step is implemented during heating.
The furnace is held at 900C (below the 1414C melting temperature of the Si)
for 10 minutes to thermally decompose the CaCO3 and allow for the off-gassing of CO2.
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The temperature is then increased to 1550C and held for another 10 minutes to allow the
Si to melt and consolidate towards the bottom of the preform. The temperature is then
increased to 1950C and fiber is drawn with a target fiber diameter of 125 m. An
acrylate polymer coating is applied during the draw to increase the mechanical durability
of the overall fiber, yielding a final fiber diameter of ~250 m.
Fibers were cleaved and inspected under an optical microscope to verify the core
throughout the length of the fiber. Figure III.14 provides a representative electron
micrograph of the core and cladding with a magnified image inset. The coating was
removed from the fibers and the bare fibers were sleeved in a silica capillary tube (2.1
mm inner / 2.9 mm outer diameter) to be inserted in a 3 mm inner / 30 mm outer diameter
silica preform. The preform was loaded in the optical fiber draw tower and drawn at
1950C to a 1.5 mm outer diameter cane with 50” of water as an applied vacuum to

Figure III.14. Representative electron micrograph of the resulting silicon core fiber with
a magnified image inset.
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consolidate the cane. Pieces of the cane were cleaved and inspected under the optical
microscope.
Figure III.15 provides an optical microscope image of the resulting stacked and
redrawn fiber cross-section back illuminated at low magnification and high magnification
(inset). Silicon, being opaque in the visible spectrum, would appear in these images as
black spots where the visible light is absorbed. As shown, there is a darker, translucent
region where the cores were expected, but other than debris on the facet, no black spots

Figure III.15. Back-illuminated image of the stacked Si-core fibers drawn and
consolidated. The darker region represents the location that the Si-sites were expected to
be present. Inset is a magnified image of this region. The contrast is much lower as less
light can pass through the core to the lens of the microscope.
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are observed.

The cores likely all oxidized during redrawing and, again, the

semiconductor phase was lost. It is presently unclear the cause of the darker, translucent
region.
While the CaO interfacial layer reduced the oxygen migration into the core during
the first fiber draw, it proved unable to inhibit the migration during the second draw. The
effectiveness of the interfacial layer during initial fiber drawing is believed to be due to
the formation of a phase separated layer resulting from the eutectic melting point of CaO
and SiO2. The resulting phases consist of CaSiO3 and SiO2 [38], which serves to “bind”
the SiO2 limiting its ability to dissolve into the Si melt. The thickness of the interfacial
layer is approximately 1 µm thick [38]. When redrawing for the stack, the interfacial
layer likely remelts, along with the core, and becomes further diluted with the effectively
endless surrounding silica cladding. As the intermediate layer then becomes highly silica
rich, a CaSiO3 phase may no longer be present to act as an effective oxygen sink.
Additionally, since the silicon sites would be reducing in diameter, resulting in a higher
surface area to volume ratio, the distance the oxygen ions need to diffuse to fully oxidize
the silicon decreases. Unfortunately, these various hypotheses become notoriously
difficult to validate, since the sites all convert to the same material as the surrounding
cladding. Alternative semiconductor core fibers could potentially be investigated for
obtaining a high Δn following this methodology, some of which will be described at the
end of this dissertation in the “Future Work” section of Chapter VI.
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III. F. Conclusions
Optical fibers were developed using a modified stack-and-draw technique and
found to be disordered, as well as longitudinally invariant. This longitudinal invariance,
contrary to the phase separated fibers of Chapter II, permitted waveguiding in the highly
(transversely) disordered fibers. The versatility of the stack-and-draw method, coupled
with the molten core method for the first time here, is demonstrated with the different
microstructural architectures obtained by modifying the precursor fibers and the preform.
The disordered microstructure of these fibers very nearly represents the 2D random array
proposed by Abdullaev, et al., [3] to observe TAL.
Various processing techniques on the precursor fibers are used to tailor the
microstructure of the disordered cane closer to the target parameters. Etching the
precursor fibers increases the disorder and reduces the pitch, while increasing the preform
inner diameter, effectively allowing a bundle consisting of more fibers, can decrease the
site dimensions. Alternatively, precursor fibers with larger or smaller core areas will
likely influence the final site dimensions, though this was not directly investigated in this
study.
When compared to the phase separated fibers of Chapter II, many of the averaged
microstructural parameters were similar ( and ), although the index difference and
longitudinal invariance were different. While the phase separated fibers yielded a
significantly higher n, there was no apparent longitudinal invariance. As a result, the
phase separated fibers scattered all of the incident light and no waveguiding being
observed. Utilizing the stack-and-draw technique, longitudinal invariance over tens of
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centimeters was demonstrated, however a much lower n was obtained. Inasmuch, the
fibers developed with the stack-and-draw technique were able to guide light and
exhibited TAL over short distances.
It is believed the transverse scattering is resulting from the low refractive index
difference between the high and low index phases. Even though precursor fibers made
using the molten core method can possess core/clad refractive index differences greater
than 0.05, when redrawing the fibers in a stack, the core likely remelts and dissolves
more of the silica cladding, further diluting the dopant concentration. As a result, the final
n becomes ~0.01, an order of magnitude smaller than the target value. As a result, TAL
is observed in these fibers, though only over short lengths. Ultimately, a higher n, a
higher degree of longitudinal invariance, and possibly a larger diameter core may be
necessary to observe TAL over long lengths of fiber, though initially the stack-and-draw
method utilizing MC-derived precursor fibers is an adequate technique for obtaining
novel glass TALOF.
Semiconductor core fibers also were investigated, specifically silicon core silica
clad fibers, to obtain significantly higher n, although engineering of the final disordered
fiber was unsuccessful. Several other semiconductor core fibers have been developed
consisting of lower melting temperature constituents that can be drawn in lower
temperature glass preforms. Since diffusion is a thermally driven process, lower
temperatures may reduce the oxygen migration into the core. Those routes may provide a
viable method of retaining the high-index semiconductor phase after redrawing.
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CHAPTER FOUR
INVESTIGATION OF ALL-SOLID ACTIVELY-DOPED TRANSVERSE
ANDERSON LOCALIZING OPTICAL FIBERS

IV. A. Introduction
Most of the glass-based transverse Anderson localizing optical fibers (TALOFs)
reported within the literature thus far have been comprised of silica, with air as the
scattering component [1-3]. The only exclusion to-date being the tellurite all-glass
TALOF developed by T. Tuan, et al. [4]. As a result, many of the reported applications of
these novel TALOFs have been passive, such as image transport [3,5-6] or beam
multiplexing [7] since the aforementioned efforts using silica were not in a position to
actively dope that glass. In only one instance is a report of an active application in these
fibers; that of random lasing based on an organic dye infused into the air pores of a silica
/ air TALOF [8]. There is a vast realm of optical fiber lasers [9-12] and amplifiers [1317] that could be investigated using these novel TALOFs. Since only one active TALOF
has been reported in the literature [8] as of the writing of this Dissertation, little is known
about the impact of transverse Anderson localization on fiber lasing or amplification.
This brings up interesting questions regarding the capability for these TALOFs to operate
as high-energy lasers. What are the limitations regarding power scaling with the impact
of TAL on nonlinear thresholds, such as Spontaneous Brillouin or Raman Scattering
(SBS, SRS)? Does the TAL waveguiding have any novel influence on heat mitigation
during lasing? How does the localization impact the efficiency of lasing or amplification?
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Can amplification occur across the entire localizing core and could this be useful for
space division multiplexing?
This chapter explores the fabrication and properties of the first rare-earth doped
all-solid TALOFs realized by combining the stack-and-draw methodology discussed
through Chapter III with active (ytterbium-doped or erbium-doped) molten core fiber
processing. The aim is to create and begin to understand the development of these fibers
as a future platform to answer these fundamental questions regarding solid-state lasing or
amplification in TALOFs.

IV. B. Development of ytterbium-doped TALOF
The precursor (molten core) fiber core composition was modified to include Yb as
the potential lasing ion in a TALOF. The precursor fibers were derived from a mixed
powder composition comprising of 58.46% Al2O3 – 36.54% SrO – 5.00% Yb2O3 in
mol% (same 8:5 ratio of Al2O3 – SrO as previous precursor fibers) and drawn under the
same conditions as the precursor fibers used in subsequent stacks (Section III. B.). These
fibers (125 m OD) were stripped of the acrylate coating using a razor blade, placed in a
box furnace for 30 minutes and heated to ~600C to remove any organic residue on the
surface, and subsequently wet etched in hydrofluoric acid (HF) for 17, 20, and 22
minutes to remove roughly 51, 60, and 66 m respectively from the cladding. The fibers
were bundled in a 5.4 mm by 6.8 mm silica tube and inserted in a 7.8 mm inner / 30 mm
outer diameter preform and loaded into the draw tower. Cane 4 (DC4) was drawn at
1950C under a vacuum of 15” Hg to consolidate the core. Figures IV.1a-c provide
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Figure IV.1 Electron micrographs of DC4 at a) 600x, b) 2000x, and c) 2500x
magnification

representative electron micrographs of Cane 4 at 600x, magnified 2000x, and 2500x
respectively. The draw temperature was lowered relative to the previous stacked fibers to
minimize the dilution of the core composition by the surrounding silica cladding [18].
The cross-sections of DC4 portrayed a somewhat unexpected architecture. As
shown in Figure IV.1.a, “splotches” of the high index phase are present, and there are
distinct regions with large (~2 m) and small (< 0.5 m) pitches. Even with the precursor
fibers being etched for a slightly longer time (22 minutes), it was expected that roughly
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30 m of silica remained surrounding the core of the precursor fibers and should be
present between the high index phases. Neglecting the “splotches,” the maximum fillratio (high to low index phase) was found to be 0.53 and a minimum of 0.22 with the
average microphase diameter of 1.56 m. Compared to the target values described in
Chapter II, the overall average fill ratio is somewhat lower than desired (0.5), however
the average pitch and microphase diameter are on the same order of the magnitude of
light (1 µm).
A 1 m long sample was cleaved every 10 cm and inspected under an SEM
(Hitachi SU-6600) to verify longitudinal invariance. Figures IV.2.a-d provide four
electron micrographs showing 0, 30, 60, and 80 cm along the piece. Slight changes in the
microstructure are observed along at least 80 cm of the cane (arrows provided as a visual
aid). Interestingly, air bubbles are still present along the fiber that when inspected
longitudinally under a light microscope, were elongated (Figure IV.2.e). These air
bubbles minimize longitudinal invariance along the fiber, which likely results in
scattering losses. Localization measurements were made in regions away from the air
holes to avoid the impact of the high index difference of silica and air on the localization.
Since the microphases are too small in the bulk sample to be accurately probed
with EDX, the FIB was used to lift-out and ion polish a sample of the core to 100 nm
thickness and probed for composition following the procedure outlined in Chapter II.C.2.
Figure IV.3a is an electron micrograph of the fiber facet with a box labeling the region to
be lifted out and Figure IV.3b shows the corresponding region with the higher and lower
index phases labeled. The contrast is low in Figure IV.3a because the surface of the fiber
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Figure IV.2. Representative electron micrographs at 700x magnification of DC4 taken
along 1 m of cane with a) being the beginning (0 cm), b) taken at 30 cm, c) 60 cm, and d)
80 cm. e) is a light microscope image of the longitudinal axis showing the air bubbles.
The arrows provide a visual aid to show the longitudinal invariance.
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is coated in platinum to make the sample conductive, and in Figure IV.3b because the
compositional difference is small between the higher and lower index phases. Black lines
are added on either side of the higher index phase in Figure IV.3.b to aid the reader. The
measured composition (mol%) and calculated refractive indices of the high and low index
phases along with the precursor fiber for reference are provided in Table IV.1.
Interestingly, the Al/Sr ratio (originally 8:5) increased in the final higher index phase
(suggesting less SrO in the final phase than would be expected). This disparity (roughly
0.2 mol% of Al2O3) is likely a result of the compositional analysis (resolution of the EDX
when probing glass), however further studies are necessary to validate this claim.
The refractive indices were calculated in the same manner as in Chapter II and the
refractive index difference (n) determined to be ~0.01, an order of magnitude lower than
targeted. Upon redrawing the precursor fibers, the “cores” (high-index phases) are diluted
further by the surrounding silica, resulting in more than a 25% decrease in relative dopant
concentration [18]. This is likely due to the core remelting and dissolving more of the
silica during the stack-and draw process [18] instead of solely elongating by viscous
flow. Since the effective radii of the fiber cores in the stack are so small (~15 μm), there
is less volume for the silica to diffuse through. This means that as the core melts, the
silica from the cladding will quickly diffuse through to the center of the core, resulting in
the dopant dilution occurring long before the final fiber is drawn from the furnace [18].
The surrounding silica (lower-index phase) migrating into the cores (higher-index phase)
during redrawing could explain why the core diameters decrease less than expected
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during redrawing and why less silica was observed between the higher index phases.
Table IV.2 provides the overall microstructural properties of DC4, along with the target
parameters.
Localization measurements were conducted on various lengths of fiber using a
He-Ne laser source (632.8 nm) and TAL was verified in DC4 for lengths of fiber up to

Figure IV.3. a) Electron micrograph of DC4 coated in platinum with the region to be
lifted out labeled as “Spotted area,” and b) corresponding lifted-out region. Black lines
were included to the lifted-out region to help the reader differentiate the two phases.

121

Table IV.1. Measured compositions of the higher index phase, lower index phase and
precursor fibers, along with the calculated refractive indices.

High Index
Phase
Low Index
Phase
Precursor
Fiber
(beginning)
Precursor
Fiber (end)

SiO2
(mol%)
96.60

Al2O3
(mol%)
1.98

SrO
(mol%)
1.09

Yb2O3
(mol%)
0.33

n
1.4548

100.00

0.00

0.00

0.00

1.4444

70.34

20.96

6.74

1.96

1.5284

75.25

15.71

7.77

1.27

1.5156

Table IV.2. Microstructural properties of the disordered cane DC4 compared with target
values, including the refractive index difference (n), the core diameter (core),
microphase diameter (microphase), and pitch (). Target parameters deduced from [19].
Material Parameter
n
core
Max Fill Ratio
Min Fill Ratio
microphase


Target
0.10
150 m
0.50
0.50
1.00 m
1.00 m

DC4
0.01
117 m
0.53
0.22
1.56 m
1.18 m

almost 1 m long. Figure IV.4.a shows the output facet a 94 cm long piece of DC4
recorded on a CCD camera as light from the He-Ne laser source is coupled to different
regions. The appearance of a single high intensity mode suggests strong TAL. The
exposure time was increased on the CCD to increase the brightness along the entire facet
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Figure IV. 4. CCD images of the output from a 94 cm long piece of DC4 showing a)
strong localization, b) the same mode with high exposure to show the localization
position in the facet of the fiber, and c) a weakly localized mode. All images were taken
from different modes in the same fiber.

with the strongly localized mode still excited (Figure IV. 4.b) to provide a visual
comparison against a weakly localized mode observed elsewhere in the fiber facet
(Figure IV.4.c). As shown in Figure IV.4.b, with the exposure time increased, the high
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intensity mode becomes indistinguishable. Similarly, a single, high intensity mode is not
observed in the weakly localizing region, even at low exposure times.

IV. C. Lasing characteristics
With TAL verified in DC4, a linear laser cavity was constructed using this
TALOF. First, background losses (α) were measured in various localized modes with the
fiber in the laser cavity using a He-Ne laser of known intensity and the cutback method to
determine an ideal length. For lasing to occur, the loss needs to be lower than the gain.
The α was measured to be between 0.6-1.2 dB/cm for different modes. This is higher by a
factor of about 100 and admittedly unexpected for these fibers in that the precursor fibers
themselves possessed loss values on the order of dB/m [20-22]. It is noted that there are
high levels of uncertainties with this measurement. Firstly, it is assumed that every
measurement was taken with no change to the input conditions of the laser to the
localized mode. Since the input laser was moved to different modes to measure the output
powers at decreasing lengths, it is probable that the input conditions were different for the
various modes. Additionally, it is assumed that of all the output power measured using
the powermeter is from light coupled solely into the single localized mode. Further
studies are necessary to understand the overarching loss mechanisms within the modes of
these fibers and to better understand and ultimately characterize the loss in these fibers.
However, from a lasing standpoint, shorter lengths of fiber should be pumped to
accommodate for this high loss.
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Initial lasing experiments were conducted using a 5 cm long sample of DC4 that
was cleaved using a Vytran large diameter fiber cleaver (Thorlabs) to ensure pristine
surfaces and butt-coupled to a dielectric mirror to minimize cavity losses. A He-Ne laser
was used to locate and excite various localized modes. Figure IV.5.a is an image of the
output of DC4 with the He-Ne coupled into a localized mode. As shown, even though the
laser light is coupled into a localized mode (depicted by the bright high-intensity spot),
there is some light leakage into the remaining core. This could provide some insight into
the high background losses measured for the various modes, in that not all the input light
is confined in the localized mode. This mode leakage is likely due to the low Δn between
the phases or longitudinal inhomogeneities leading to scattering losses. Figure IV.5.b is a
CCD of a representative localized mode excited using the He-Ne to provide a visual.
Once a strongly localized mode was excited, the He-Ne laser was turned off and
the pump laser source switched to a 976 nm laser traversing the same beam path. The
output facet was imaged on a CCD (Figure IV.6.a) and the emission was recorded on an
Optical Spectrum Analyzer (OSA) for 3 different pump powers (Figure IV.6.b). The
expected emission for Yb 5F5/2 → 5F7/2 transition occurs at 1050 nm [20] so the OSA was
set to record from 900 to 1200 nm. Interestingly, the localized beam (observed previously
with the He-Ne laser) is no longer observable at 976 nm with the CCD, which suggests
delocalization. This is unexpected since the localization behavior is expected to be
independent of input wavelength [23]. A key indication of lasing is a narrow (< 1 nm)
linewidth emission [24]. Otherwise, if broad peaks are observed, the emission is
considered spontaneous emission. The output emission recorded on the OSA is broad
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Figure IV.5. a) output of a TALOF pumped with a He-Ne coupled into a localized mode
imaged on paper and b) a representative CCD image of a localized mode when pumped
with a He-Ne. The two figures are of different modes in the same fiber.
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(100 nm) and characteristic of spontaneous emission of Yb3+ [25]. The slight shift of the
pump peak (976 to 970 nm) is attributed to improper calibration of the OSA. It is possible
that at these pump powers, the Yb ions are absorbing the pump energy and spontaneously
reemitting in all directions, effectively masking the localization. Additionally, the fiber
was visibly fluorescing a blue-green, suggested in literature as cooperative emission of

Figure IV.6. a) Output facet of a de-localized mode in a Yb-doped TALOF pumped with
976 nm and b) resulting emission spectra suggesting spontaneous emission of Yb3+.
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Yb3+ [26], which may also influence the delocalization and spectroscopic behavior.
Cooperative emission suggests that the ions are too densely populated in the glass,
allowing for energy transfer between neighboring ions. This should be verified by
investigating the emission from 400 – 600 nm and comparing the resulting emission
spectra with the one reported in Ref. 26. For lasing to occur (neglecting the high
background losses), the concentration of Yb should be decreased in future fibers.
Investigating this delocalization further, the 5 cm long sample of DC4 was
pumped with a tunable Ti:Sapphire laser from 960 to 990 nm. When pumped at 960 nm,
a strongly localized mode was observed. This wavelength was used to align the laser to
ensure sufficient coupling into the localized mode. The laser wavelength was then varied
from 960 nm to 970, 976, 980, and 990 nm and the output emission recorded on a CCD.
Figures IV.7 a-e are the resulting CCD images of the output facet when pumped with the
various wavelengths. As shown, strong localization is first observed at 960 nm. At 970
nm, the strong localization is still observed, however some slight emission was also
observed in surrounding regions of the core. At 976 and 980 nm, complete delocalization
occurs, and at 990 nm the beam is relocalized. It must be noted that the alignment of the
beam and the position of the fiber was not shifted during any of these experiments. The
delocalization therefore must be a result of the absorbing ion and the pump wavelength.
The input wavelengths were plotted against an absorption spectrum for a Ybdoped fiber laser of a similar composition (fiber and data presented in Ref. 20) and is
shown in Figure IV. 8. The compositions of the fibers discussed in Ref. 20 contain
fluorine and therefore, some features of the absorption spectra differ from that of a
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Figure IV.7. The output of the TALOF measured on a CCD pumped with a tunable
Ti:Sapphire laser at a) 960 nm, b) 970 nm, c) 976 nm, d) 980 nm, and e) 990 nm. The
scale bar is the same for all images.
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commercial Yb-doped fiber laser. The purpose of this plot, however, is to portray the
absorption bandwidth of MCM-derived Yb-doped fiber lasers doped with both SrO and
Al2O3. At 960 nm, the pump energy is outside of the primary absorption band and
localization is maintained. At 970 nm, the pump wavelength is at the cusp of the
absorption peak and most of the localization is maintained, though some slight emission
is observed elsewhere in the facet of the fiber. At 976 and 980 nm, the pump wavelength
is within the absorption band and the localization is lost. Finally, at 990 nm, the pump is
outside of the absorption band and localization is observed. This further supports the

Figure IV.8. Representative absorption spectra for a Yb-doped SrAlSiO derived optical
fiber obtained from Ref. 20 with the pump wavelengths overlaid from 960 – 990 nm
(purple dashes).
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conclusion that the Yb3+ ions absorb the incoming light and spontaneously reemit in all
directions. This spontaneous reemission is likely masking the localization (not) observed
in the output. These observations corroborate the theoretical analysis of Gökbulut and
Inci [27], who investigated the effect of spontaneous emission on TAL in hyperbolic
waveguides. It is possible some of the delocalization results from longitudinal
inhomogeneities, though if this were the case, all incident light tested (~500 – 1000 nm)
should be impacted similarly.
Lasing is highly directional [24] and therefore would redirect the emission along
the fiber, potentially re-localizing the beam. However, initial attempts at lasing a 5 cm
long piece of DC4 were unsuccessful up to a pump power of 15 W. As mentioned
previously for lasing to occur the gain (Yb3+ concentration) needs to be higher than the
loss (scattering). However, if the Yb3+ concentration is too high, cooperative emission
can occur. In these experiments, background losses were significantly high (dB/cm) and
cooperative emission was observed, suggesting too high of a Yb3+ concentration. For
efficient lasing, the precursor composition must be tailored to decrease the Yb
concentration in the glass to reduce cooperative emission, and losses must be improved.
Unfortunately, very little work has been done studying loss mechanisms within these
novel TALOFs to provide insight into how to improve these fibers for future lasing
experiments. It is imperative that the loss mechanisms be well understood to optimize
these TALOFs for future applications.
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IV. D. Amplification in an Er-doped TALOF
While the spontaneous emission resulting in delocalization might be detrimental
for a TALOF laser, this phenomenon might have some benefit in an optical amplifier. If a
certain localized mode is pumped at low intensities, and the ions spontaneously emit in
all directions, this could simultaneously pump other localized modes across the facet of
the fiber as a form of tandem pumping. Seed sources localized in other Anderson
localized modes could potentially be amplified. Also, an interesting feature of TALOFs
are the intrinsic ability for spatial multiplexing [7]. An erbium (Er) doped TALOF may
then be able to act as an efficient optical amplifier for multiple distinct input beams.
In an attempt to study amplification properties in these TALOFs, and to begin
investigating a spatial multiplexing TAL erbium-doped fiber amplifier (EDFA), precursor
fibers were developed and drawn using the same base composition as with all prior draws
(8:5 molar ratio of Al2O3 – SrO), although doped with 2.5 mol% Er2O3 instead of Yb2O3.
For completeness, the precursor powder composition (used to develop the MCM-derived
fiber) was 60% Al2O3 – 37.3% SrO – 2.5% Er2O3 in mol%. The fabricated fibers were
cut to size, coating removed, acid etched, and stacked in a 7.8 mm x 30 mm preform.
This bundle was then drawn to the final disordered cane (DC5) under similar draw
conditions as DC4. Figure IV.10.a is a representative electron micrograph of the resulting
microstructure. Localization was confirmed with a He-Ne laser to attempt to avoid the
absorption bands of Er3+ [28], however only weak localization was observed over a few
cm (< 5cm). Longer samples were also probed but no localization was observed. The
632.8 nm pump is close to the 4I15/2 → 4F9/2 transition [28], which could potentially

132

Figure IV.9. CCD images portraying the localization in short lengths (5 cm) of DC5
when pumped with a HeNe laser.

explain some of the delocalization or spontaneous emission elsewhere in the facet. As
described with respect to the Yb-doped TALOF, pumping with a wavelength even on the
cusp of the absorption band results in some spontaneous emission, effectively masking
the localization. Figure IV.9.b-c are CCD images of the resulting localization. Further
localization tests should be conducted with pump wavelengths outside of the absorption
bands, however present studies were limited by the availability of laser sources.
Unfortunately, this delocalization over short lengths (5 cm) adds a level of
complexity when aligning the 1550 nm seed source to a localized mode. Generally, a
He-Ne laser was used first to align into the localized mode through free-space optics, and
then a subsequent laser traversing the same beam path is used to pump the rare earth ions.
Compared to Yb3+, Er3+ has a more complex energy diagram with far more possible
higher energy states, thereby more absorption bands [28]. This, in conjunction with most

133

commercially available laser pumps specifically designed for pumping within these
absorption bands, makes studying the Er-doped TALOF a challenge in and of itself.
Upon the completion of this Dissertation, these amplifier experiments were
underway by collaborators at the University of New Mexico. Since the loss mechanism is
not well understood in these fibers, and passive pumping the Er-doped TALOF remains a
challenge, the performance (and understanding) of these actively doped TALOFs is
limited.
Depending on the amplification performance of pumping the various localized
modes with the spontaneous emission, another option for pumping the Er-doped TALOF
amplifier could be to side-pump the fiber at 976 nm, effectively flooding the crosssection, and seeding the localized modes. It would be interesting to compare the
efficiency of the two pumping schemes. Additionally, while the spontaneous emission
might be an unanticipated challenge, rather clever techniques methods of incorporating
light absorbing claddings in optical fibers has been explored for decades [29] including
more recently, double-clad EDFAs with the inner clad doped with samarium (Sm) [3032]. The absorption spectra of Sm overlaps with the amplified spontaneous emission
(ASE) spectra of Er and can effectively filter the amplification wavelength [30,32]. A
next-generation iteration of this Er-doped TALOF could have a secondary ring layer
doped with Sm around the higher-index phases (or simply dope the lower index phase) to
filter the spontaneous emission, so the Er-doped regions potentially maintain the lasing /
amplifying light.
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IV.E. Conclusions
Through use of a modified stack-and-draw technique previously described in
Chapter III, two all-solid actively doped TALOFs were developed. The first, a Yb-doped
TALOF, possessed a core microstructure with the physical properties (pitch, phase
diameter, fill ratio) close to the target values established early in this Dissertation. The
limiting component was the low refractive index difference resulting from the cores
remelting during stacking-and-redrawing, which led to more diffusion and dissolution of
the silica cladding into the core, diluting the core composition. However, even with a low
index difference, this fiber demonstrated strong localization in various regions across the
facet of the core over lengths upwards of 1 m.
Losses in this fiber however were surprisingly high (dB/cm) and are not entirely
well understood. Air bubbles are observed occasionally throughout the length of the fiber
which could be a source of this high loss, however the recorded losses were high even in
fiber lengths with no visible air bubbles. Such high background losses, when constructing
the linear laser cavity, limited the overall lasing capabilities of this TALOF, and when
pumped at 976 nm, only spontaneous emission was recorded. Interestingly, pumping at
the absorption wavelength appears to result in delocalization. This was confirmed by
pumping the Yb-doped TALOF with a tunable Ti:Sapphire laser and varying the
wavelength across the absorption band. The pump wavelengths within the band
demonstrated delocalization while those outside of the absorption band demonstrated
strong localization. The spontaneous emission observed from being pumped within the
absorption band, could be masking the localization. Further theoretical modeling is
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underway to understand this effect and determine the impact on lasing capabilities of
these actively doped TALOFs.
This spontaneous emission, however, could be used to pump other modes within
the TALOF for possible amplification. Therefore, the second TALOF developed was
doped with erbium. Presently, the Er-doped TALOF only demonstrated localization over
a few cm. It is believed the difference in localization strength from the Yb-doped to the
Er-doped TALOF is less so due to the microstructure, and more a result of the active
dopant and the pump wavelength. Trivalent erbium absorbs at the currently available
pump wavelengths (532, 633, and 976 nm), and demonstrated delocalization over longer
lengths. Further localization studies are necessary to determine the localization strength
in this fiber. Even though initial attempts at the development of either a TALOF laser or
amplifier were unsuccessful, significant strides were made for their eventual
demonstration. This Chapter presents the first all-solid actively doped TALOFs, one
doped with Yb and the other doped with Er. The fiber fabrication method described
herein can be used to incorporate other rare earth dopants as well, not just Yb or Er. Once
the loss mechanisms in these fibers are better understood, and the laser cavities
optimized, material development becomes simply modifying the precursor composition.
Additionally, the effects of TAL in the presence of spontaneous emission were first
addressed and need to be considered for future TALOF laser and amplifier development.
Further investigations are necessary to determine the overall impact; however, it appears
that in the presence of spontaneous emission, TAL is lost.
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IV. F. Appendix: Er-doped holey fibers
To increase the localization strength of the Er-doped TALOF for potentially more
efficient multiplexing, an Er-doped silica-and-air disordered fiber was developed. The
overall fabrication process follows suit with the previously described stack-and-draw
technique, except instead of utilizing molten core derived optical fibers, the precursor
core material comprised of hollow core Er-doped silica fibers of varying inner and outer
diameters. These precursor fibers were developed using Modified Chemical Vapor
Deposition (MCVD). Initially, silica soot was deposited on the inside of a silica substrate
tube. The tube was then solution doped using a 1:1 weight ratio of AlCl3 and ErCl3 salts
(2 grams of each) dissolved in 200 mL of water. Once dried, the tube was sintered and
partially collapsed to have an Er-doped ring surrounding the hollow core. Figure IV.10 is
a light microscope image of the resulting hollow-core fiber.

Figure IV. 10. Light microscope image of the hollow-core precursor fiber.
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The refractive index profile (RIP) of the preform was measured to verify the
presence of the doped ring. Figure IV.11 is the corresponding RIP. The two lines
represent different locations along the preform taken 30 mm apart to estimate
longitudinal homogeneity. The shoulders at ± 0.5 mm suggest the presence of the doped
ring. The 0.0003 offset in the cladding (Δn > 0) is attributed to the differences in the
refractive index of the cladding and the index matching gel. Finally, the noise in the
middle of the RIP is due to the magnitude of the refractive index difference resulting
from central region being hollow and is an artifact of the processing software.

Figure IV.11. Refractive index profile of two locations taken 30 mm apart along the
hollow-centered preform containing the erbium ring layer. The noise in the middle of the
profile is an artefact of the processing software due to the large refractive index
difference between silica and air.
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Three identical hollow-core preforms were developed using this methodology and
were drawn to hollow-core fiber possessing varying dimensions ranging from 35 to 45
µm inner and 200 to 300 µm outer diameters. These fibers were cut to 15 cm lengths and
subsequently stacked in a 19x25 mm inner / outer diameter custom manufactured
preform. Since the inner diameters of these hollow core fibers were much larger than the
core sizes of the molten core derived fibers, the inner diameter of the preform needed to
be much larger to obtain site sizes on the order of ~1 µm. The preform was drawn to a 1
mm outer diameter fiber at 1865°C. The lower draw temperature was to keep the hollow
region of the fibers open during drawing. Figure IV.12.a is a representative electron
micrograph of the facet and Figure IV.12.b is a light microscope image back illuminated
to show the Er-sites (lighter spots dispersed throughout). As can be seen, the bright spots
suggest the cores all collapsed during drawing. When drawing, the surface tension
remained too high for the cores to open, though the interstitials between the different
fibers began to open. Unfortunately, because of these new air-gaps, the mechanical
strength of the core / fiber diminished. When this fiber was cleaved to investigate
potential localization, the core would shatter. Smaller diameter fibers may yield more
success. The use of an active ring layer in a hollow-cre precursor fiber could potentially
be a useful method of introducing air into the disordered core to potentially increase the
localization strength, however further fiber development is necessary. Techniques such as
pressurinzing the prefurm during draw could result in more air-gaps.
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Figure IV.12. a) Representative electron micrograph of the resulting cross-section of the
fiber derived from stacking-and-drawing the hollow core precursor fibers. Also shown is
b) a light microscope image back-illuminated to show the collapsed Er-ring layer,
appearing as lighter spots throughout.
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CHAPTER FIVE
NONLINEARITIES IN TRANSVERSE ANDERSON LOCALIZING OPTICAL
FIBERS

V. A. Introduction
One area where rich opportunities exist for TALOFs of different compositions
and where no results have yet been reported, is in nonlinear fiber optics. TALOFs offer
interesting possibilities for nonlinear optics because their localization can yield very
small values to the effective area (Aeff) for a localized mode and, therefore, potentially
result in the observation of nonlinearities at low threshold intensities. However, due to
the low nonlinearity of silica [1], coupled with the relatively large Aeff (effectively the
localized beam radius squared multiplied by π) nonlinearities have yet to be observed
from the TALOFs reported to date [2-6]. The question of the influence of optical
nonlinearities on Anderson localization has been a topic of debate for some time [7,8].
The underlying question regarding this debate is whether the presence of nonlinearity
enhances or destroys Anderson localization. Unfortunately, due to the limited
experimental observations of Anderson localization in material systems, much of this
work is currently theoretical [7,9].

V. B. Development of fibers investigated
The TALOF discussed here was drawn using the stack-and-draw technique
specifically adapted for utilizing molten core derived precursor fibers [10] in the stack.
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This method is thoroughly discussed in Chapter III. The fibers used throughout these
experiments are the same as those originally designed for developing a TALOF laser
(Chapter IV). For completeness, the stack-and-draw process and precursor fibers will be
described here. The precursor optical fibers, i.e., optical fibers later stacked and re-drawn,
were drawn from a well-studied powder composition (8:5 molar ratio of Al2O3 – SrO
[11]), lightly doped with Yb2O3. The core powder was prepared by weighing and mixing
commercial SrO (99.5% purity, Alfa Aesar), Yb2O3 (99.999% purity, Alfa Aesar) and
Al2O3 (99.995% purity, Alfa Aesar) powders. The powders were ball-milled to ensure
homogeneous mixing, and then loaded into a silica preform to be drawn to fiber. The
capillary silica preform (3 mm inner / 30 mm outer diameter) was drawn to 125 m outer
diameter fiber. This fiber composition (denoted Yb:SrAlSiO) was chosen because its
properties are well-known and include a relatively high refractive index difference with
respect to the silica cladding of the fiber [11,12]. Bare fibers were etched in hydrofluoric
(HF) acid for various times to achieve different outer diameters that facilitated a random
arrangement upon stacking as well as to achieve a higher fill ratio of high index
inclusions (the Yb:SrAlSiO glass) in the silica. Roughly 2000 of these etched fibers then
were stacked inside a 7.8 mm inner / 30 mm outer diameter telecommunications grade
silica capillary preform and re-drawn at 1925C to the final fiber with an outer diameter
of ~900 m. This fiber possessed a disordered core of approximately a 150 m diameter.
Compositional analysis was conducted using Energy Dispersive X-ray
Spectroscopy (EDX) on a Hitachi NB5000 dual-beam Focused Ion Beam (FIB) and
Scanning / Transmission Electron Microscope (STEM). Conventional EDX on bulk
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optical fibers generally results in the electron beam probing a larger volume than just one
of the TALOF phases, resulting in a skewed composition. Therefore, a 50 μm2 region of
the sample containing both the higher and lower index phases was lifted out using the
FIB and subsequently ion polished to a thickness of less than 100 nm to minimize the
beam probe diameter, obtaining a more accurate composition. Refractive indices (n) were
calculated using the measured composition and a form of the Winkelmann-Schott model
[13]. Physical parameters (such as site size, , and pitch, ) of the disordered fiber were
determined using ImageJ and high-resolution images of the facet.

V. C. Nonlinear optics within TALOFs
Nonlinear experiments were conducted by free-space coupling a frequency
doubled Q-switched Nd:YAG laser (532 nm, 680 ps, high peak power) into various
Anderson localized modes and increasing the laser intensity. The fibers were cooled
using a fan during the experiments to minimize surface damages induced by the high
light intensity. The output spectra were measured by free-space coupling the output mode
into an optical fiber-based detector connected to a CCS200 compact spectrometer
(Thorlabs) with an operation wavelength of 200 – 1000 nm and a spectral resolution of <
2 nm. The intensity of the pump emission was reduced using neutral density filters. All
fibers used for these experiments were kept straight to minimize bend-induced losses.
Figure V.1.a is a representative image of the nonlinear measurement setup, along with
Figure V.1.b providing a visual example of an Anderson localized mode excited in the
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Figure V.1. a) Experimental setup for the nonlinear measurements. Not shown in the
image is the frequency doubled Nd:YAG laser source. b) is the output image from the
facet of the fiber imaged using a camera. The high intensity spots portray a localized
mode.
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TALOF. Figure V.1.b is merely an example of the localized mode to provide a visual
example for the reader. Not all localized modes will have the same appearance [7]. From
the image, the localized mode in this example extends to two of the higher index nodes.
The entire core is illuminated, suggesting some of the light is leaking from the localized
mode. This could potentially provide insight into the sources of loss discussed in Chapter
IV.

Figure V.2. Output from the TALOF of various localized modes along a (a) 80 cm long
sample with a (b) low exposure picture of the same mode. (c) and (d) are of the localized
modes in a 70 cm long piece excited for nonlinear experiments.
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Figure V.2 provides images of the output facet of the all-solid silicate TALOF
recorded with a CCD of various localized modes excited. Figure V.2.a shows the output
over an 81 cm long sample and Figure V.2.b is of the same mode with a lower exposure
time to minimize saturation in the intensity profile. The high exposure is merely to
portray the location of the localized mode within the facet of the fiber. Occasionally,
longitudinal inhomogeneities, such as air-bubbles, were observed along the length of the
fiber, an inherent problem with the stack-and-draw process, resulting in scattering and
loss that often masked the localization. Also, since minor longitudinal perturbations are
detrimental to nonlinear phase matching [14,15], the fiber was cut back until nonlinear
four-wave mixing (FWM) frequency shifts were observed. Figures V.2.c and V.2.d are
CCD images of representative localized modes in the 70 cm long piece utilized for the
nonlinear experiments.
Figure V. 3 is an intensity plot extracted from the CCD images of Figure V.2.b
with the 0 position being the center of the peak. The shoulder around -4 μm suggests
some coupling to a neighboring mode. The shape of the mode profile is similar to those
reported in Refs. 3 and 16 for transverse Anderson localized (TAL) modes. The
characteristic exponentially decaying “tails” can be observed at either end. Based on the
modal profile, the mode Aeff is approximately 39.37 μm2 (calculated using the intensity
measured with the CCD at a wavelength of 632.8 nm). This corresponds to a mode field
diameter (MFD) of approximately 7.08 μm, nearly quadruple the physical diameter of the
higher-index phases. Assuming a Gaussian profile, the MFD was calculated using the
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Figure V. 3. Intensity plot of the localized beam profile in the x- and y-directions of
Figure V.2.b showing the exponentially decaying tails, characteristic of transverse
Anderson localization.

equation:

[17]. Intuitively, this makes sense as the localized mode

extends beyond a single higher-index node. For a comparison, the Aeff of a commercial
Thorlabs 630HP optical fiber containing a physical core diameter of 3.5 μm is ~12.6 μm2
[18] (calculated from MFD). It must be noted that every localized mode in the facet of
the fiber will contain a different Aeff due to the randomness of the microstructure [7]. The
one reported here is merely to provide an example of the potential Aeff in these localized
modes, which in this case, proves beneficial for optical nonlinearities.
An 83 cm long piece of DC 4 was first investigated for optical nonlinearities.
Both ends of the fiber were cleaved using a Vytran (Thorlabs) automated cleaver
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designed for larger diameter fibers to ensure a pristine facet. The laser was coupled into a
localized mode using one of the objectives and the output recorded on the CCD. Then,
the CCD was moved, and the output spectra analyzed recorded. The output intensity of
the fiber was controlled using neutral density filters to attenuate the light intensity, and a
notch filter designed to absorb/reflect the pump wavelength. The intensity of the laser
was increased, and different output spectra recorded.
The output spectra obtained from a mode in the 83 cm long sample are provided
in Figure V.4 with each peak labeled in the spectral shift in wavenumber (calculated as
107/λ, with λ being the wavelength in nm) from the emission peak. Also provided is a
CCD image of the localized mode excited for these experiments with a high exposure
time to image more of the fiber (b), and low exposure time to focus on the localized mode
(c). The peak emission wavelength for the 532 nm laser source was measured using the
spectrometer to be 531.47 nm, therefore this value will be used for all subsequent
calculations. The deviation from 532 nm is due to the spectrum analyzer not being
properly calibrated, however the shift is assumed to affect all recorded peaks. Each plot is
effectively “tuned” to suppress different peaks by rotating the notch filter or attenuating
the beam using neutral density filters. Three separate spectra are overlaid on the plot and
all were recorded from the same localized mode. The emission laser line is plotted in blue
as a reference point and is centered at the 0 cm-1. The orange and purple spectra were
“tuned” to emphasize different observed peaks. The input conditions were equivalent
between the two frequency-shifted spectra.
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Figure V.4. a) Emission spectra through an 83 cm long sample of DC4 pumped with
532 nm through a localized mode. The localized mode was imaged using a CCD with a
b) high exposure time to image the entire facet of the core and c) low exposure to
emphasize the localized mode. The units on the axes of b and c are arbitrary.
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Several frequency shifts were observed, spanning -600 to 600 cm-1 shifted from
the laser emission (between 515 to 545 nm). The negative shifts are blueshifted
frequencies and the positive shifts are redshifted frequencies. It is believed the peaks
observed at 455 and 485 cm-1 (544.65 and 545.56 nm respectively) are the Raman Stokes
shift in high silica containing fibers [19,20]. The peak at -443 cm-1 (519.25 nm) from the
laser emission line is believed to be the Raman anti-Stokes shift. An additional peak is
observed near the perceived Raman anti-Stokes shift at -552.63 cm-1 (516.31 nm), along
with a saturated peak spanning from -170 to 400 cm-1. Since the saturated peak is
unresolvable, it will be ignored for the present discussion. It is possible the peak at
-552 cm-1 could be FWM, although the red-shifted counterpart is unable to be observed
due to the strong Raman intensity saturating the detector. Further investigations are
necessary to confirm the origin of these peaks.
Figure V.5 provides the output spectrum measured when an Anderson localized
mode in a 70 cm long piece of the TALOF was pumped with the 532 nm pulsed laser
source (blue dashed line). The abscissa again is reported in wavenumber to represent the
frequency shifts away from the pump wavelength (the 0 cm-1 point). The spectrum is
separated in two colors (orange-solid and purple-dashed line) to aid the reader in
differentiating the two nonlinear phenomena being discussed. These peaks were observed
simultaneously. As previously discussed, the doublet peaks observed at approximately
440 and 485 cm-1 (purple dashed line) are characteristic of the Raman shift in fused silica
[19]. These correspond to the Si-O-Si stretching modes and the defect lines respectively.
If the pump power is increased beyond a certain threshold, sequential Raman peaks can
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be observed at further iterations of ~440 cm-1. While only one Raman shift was
demonstrated in this Chapter, further studies are underway to investigate the possibility
of extending the Raman peaks in these TALOFs [21].
Two additional peaks were observed at frequency shifts of +331 cm-1 and
-334 cm-1 (orange solid line) relative to the pump laser line. These shifts correspond to
mixed-mode FWM in high silica-content fibers [14,22]. The slight difference in peak
position (~3 cm-1) is attributed to the resolution of the spectrometer. The FWM intensity
is expected to be an order of magnitude stronger than the Raman intensity [14], which
was not the case here. Minor perturbations along the length of the TALOF (such as air

Figure V. 5. Output spectra from an Anderson localized mode pumped at 532 nm (bluedashed line). Shown is the Raman shift at ~440 cm-1 (purple-dashed line), and four-wave
mixing both blue and redshifted equidistant at ~330 cm-1 (orange solid line).
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bubbles) likely reduce the FWM intensity [15]. Shorter lengths of fiber could be used,
minimizing longitudinal distortions. Additionally, it is expected the red and blue-shifted
frequencies will have nearly the same intensities [14]. Obviously, this also was not the
case. At frequency shifts less than 1000 cm-1 from the pump, the FWM intensity of the
Stokes shift (redshift) is expected to be higher than the resulting anti-Stokes shift
(blueshift) [23]. This has been observed in silica optical fibers previously [14, 22].
Several additional peaks were observed in this mode with increased pump
intensity. Each peak is labeled on in Figure V.6. Interestingly, peaks a and g are blue- and

Figure V.6. Plot representing the spectral shifts observed from the Anderson localized
mode of a 70 cm long TALOF when varying the intensity of the pulsed laser source. The
blue dashed line represents the pump and the gray-scale lines are the resulting spectra.
All peaks are labeled in the plot and described in the text.
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redshifted equidistant ~660 cm-1. It is possible these peaks may be additional FWM,
however, the g peak is oftentimes masked by the strong intensity of the Raman shift
(peak f), as shown with the solid black line saturating from ~200 cm-1 to beyond the edge
of the spectrum. It would be possible to investigate this further to validate the additional
FWM if the Raman shifted wavelengths could effectively be filtered out. Peaks b and f
are the anti-stokes and stokes Raman shift associated with the molecular vibrations of the
silica glass (± 440 cm-1). Peaks c and e are the FWM described above, and peak d is the
pump. Further efforts are necessary to effectively filter the Raman emission to study the
additional peaks observed through Figures V.4 and V.6.

V. C. 1. Laser-induced damage to the fiber facet
Occasionally, during experiments at high laser peak power, the input fiber endface would damage over time. Fortunately, the damage only extended a few micrometers
within the fiber. If all localized regions of the fiber were damaged or destroyed, a few
centimeters of the fiber could be cleaved to remove the damaged portion and tests could
resume. Interestingly, weakly localized modes tended to exhibit a lower damage
threshold than the strongly localized modes. This is somewhat counter-intuitive in that a
weakly localized mode tends to have a larger Aeff, meaning a lower power density
(intensity per effective mode area). If the damage threshold is the result of a material
limitation, it would be expected the damage would occur more frequently at a higher
power density. It is presently unclear specifically the cause of the seemingly anomalous
damage threshold.
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Figure V.7.a-c are electron micrographs of three different fiber facets with the
resulting laser damage. The grooves in Figures V.7.a-b are a result of moving the high
intensity laser after the initial damage has occurred. Figure V.7.c shows the laser damage
in three distinct modes. It is also interesting to note that the laser damage would only
occur when the laser was coupled into a localized mode. Figure V.7.d is a light
microscope image of the depth of the damage. Air bubbles are also observed along the
length of the fiber near the facet, which could be a potential cause for the damage.

Figure V. 7. (a-c) Various electron micrographs of laser damage in the facet of DC4.
Figure d is a light microscope image depicting the depth of laser damage.
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V. D. Conclusions
In conclusion, a new modified stack-and-draw method of TALOF fiber
fabrication was developed and employed that incorporates molten core derived optical
fibers for developing novel all-solid, silicate TALOFs. Even though the resulting Δn was
low, the transversely disordered optical fiber demonstrated strong TAL in various regions
across the fiber cross-section. To the best of the authors’ knowledge, this is the first
report of an all-solid silicate TALOF. Further, the fabrication approach permitted small
localized mode areas of about 39.37 μm2. The resultingly small Aeff permitted the
observation of optical nonlinearities in a TALOF, specifically Raman and FWM, also a
first to our knowledge. This method of fiber fabrication could be utilized to incorporate a
very wide variety of fiber core compositions possessing higher nonlinearities for the
further development of nonlinear TALOFs. Longitudinal inhomogeneities are likely
impacting the FWM. Shorter lengths of fiber could be used to suppress Raman scattering,
while enhancing FWM due to minimizing longitudinal inhomogeneities along the length
of the fiber.
As to the interplay between optical nonlinearities and TAL, the results of this
Chapter at the very least support the conclusion that the presence of nonlinearities does
not necessarily destroy TAL. The nonlinearity resulting from strongly localized modes is
enough to generate FWM, and localization is maintained. Whether this localization is
enhanced or weakened in the presence of nonlinearities is not conclusive. This work is
not meant to be decisive as to the underlying nature of Anderson localization in the
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presence of nonlinearities, however, can begin providing experimental insight into these
fundamental questions.

V. E. Appendix: Additional optical frequency shifts
Several additional peaks were observed during these experiments in the same
mode of the 70 cm long TALOF described above, however oftentimes the Raman peak
was saturating the detector. Figure V.8 is a plot depicting the spectral shifts (grey solid
line) when the TALOF was pumped with the 532 nm pulsed laser source (blue dashed
line). Peaks a and d are spaced equidistant at -663 and 667 cm-1 respectively as described
previously. These could be attributed to additional FWM shifts in the fiber.
Unfortunately, the peak intensity is kept low to not become masked by the strong Raman
intensity (as shown by the broad saturation in Figure V.6). These peaks could be studied
further if the Raman intensity is effectively filtered out. There is a smaller blueshifted
peak (b) observed at -493 cm-1. This could be the anti-stokes of Raman, although the shift
is expected to occur closer to -440 cm-1. The mismatch could be attributed to the low
resolution of the spectrometer or could be a secondary FWM frequency shift with the
redshifted counterpart occurring near the Raman frequency shift. (e.g. the second peak in
the Raman at 485 cm-1, Figure V.5). These additional peaks warrant further studies
regarding the possible interplays between FWM and Raman nonlinear frequency shifts.
If the intensity of the input laser is increased further, additional peaks become
apparent. The same blueshifted peaks (-663, -451, and -338 cm-1) as described previously
in this Chapter are observed. A slight peak at -775 cm-1 is also observed, though at a
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Figure V. 8. Spectral shifts observed from the Anderson localized mode of a 70 cm long
TALOF when varying the intensity of the pulsed laser source. The blue dashed line
represents the pump and the gray-solid line represents the spectrum. All peaks are labeled
in the plot and described in the text.

significantly low peak intensity. It is possible this may be FWM, though the red-shifted
counterpart is masked by the Raman shift. Due to the low peak intensity, it could also be
noise amplified by the saturation. Three redshifted peaks also occur at 3141.95, 3215.81,
and 3455.54 cm-1 (638.01, 641.03, and 651.04 nm). The suggested cause of these peaks is
a rare earth impurity (such as trivalent erbium) resulting from contaminants in the
industrial-grade precursors. Erbium-doped fibers have been pumped at 532 nm; however,
the near-IR emission was the transition of interest for potential amplification in the
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telecommunications band [24]. Pumping trivalent erbium at 532 nm excites an electron
from the ground state (4I15/2) to the excited state (2H11/2) [24]. Therefore, a possible route
for relaxation could be non-radiative emission from 2H11/2 to 4F9/2 and subsequent
radiative emission from 4F9/2 to 4I15/2 resulting in the generation of a photon around
650 nm [25]. This emission has been observed previously in Er/Yb co-doped
nanoparticles [26]. This said, other trivalent lanthanide ions can also be pumped at

Figure V.9. Spectral shifts observed from the Anderson localized mode of a 70 cm long
TALOF at higher pump intensity compared to Figure V.9. The blue dashed line
represents the pump and the gray-solid line represents the spectrum. All peaks are labeled
in the plot and described in the text.

163

532 nm [27], such as neodymium (Nd), samarium (Sm), europium (Eu), and holmium
(Ho) that may have emissions near 650 nm. Further studies are necessary to confirm the
origin of the three peaks.
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CHAPTER SIX
CONCLUSIONS, PRESENT CHALLENGES, AND FUTURE PERSPECTIVES IN
THE DEVELOPMENT OF TRANSVERSE ANDERSON LOCALIZING OPTICAL
FIBERS

VI. A. Summary of research and contributions to the state of knowledge
This Dissertation began with the investigation of phase separation in molten core
derived optical fibers for the development of transversely disordered, longitudinally
invariant optical fibers for studying TAL. It was found that in these phase separated
fibers, while the transverse microstructure contained physical properties (such as
microphase size, pitch, and refractive index difference) that could support TAL, along the
longitudinal axis, the formed microphases were spherical in shape, leading to an opaque
core unable to waveguide. This led to the development of a novel fiber fabrication
process, the two-tier molten core method of fiber fabrication (Chapter II), in an attempt to
elongate the formed microphases. During the fiber draw, the molten core dissolves some
of the surrounding silica which ultimately dilutes the core composition, shifting it to
higher silica concentrations. While generally considered problematic when specific (low
SiO2 containing) compositions are desired, this was utilized to control the viscosity and
permit some elongation of the microphases during a secondary redrawing stage.
Unfortunately, the resulting elongation was not sufficient for waveguiding. It was found
that the lack of elongation was because of the low viscosity of the core phase, effectively
limited by the high draw temperature (due to the silica cladding). Additionally, while not
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relating to TAL, this work has improved the understanding of phase separation and phase
transitions that can occur in MCM-derived optical fibers, and the impact of processing on
the final microstructure, which ultimately led to the realization of a potential fiber
medium for random lasing, and serendipitously a magnetic polycrystalline fiber.
To combat the longitudinal invariance, a second fiber fabrication method was
developed through an adaptation of the stack-and-draw technique to incorporate MCMderived precursor fibers, demonstrated for the first time in this Dissertation (Chapter III).
Core/clad optical fibers were initially drawn using the MCM, had the coating removed,
were stacked together in a capillary preform and drawn down to the final fiber containing
a disordered “core of cores.” The final fiber consisted of a disordered structure of higher
refractive index phases (what were the fiber cores), surrounded by a lower refractive
index phase (what was the fiber cladding). The random microstructure led to random
propagation constants of the supported modes which reduces the optical tunneling
efficiency (or diffusion of the beam) [1]. This absence of diffusion was translated as TAL
by Abdullaev, et al. [2]. It was found that even though the microstructural properties
were not perfect (quasi-periodic microstructure, low Δn), strong localization can occur.
This has resulted in a rather straightforward method of developing all-solid TALOFs with
varying compositions, effectively providing a platform for further studies into the
material influences on transverse Anderson localization in optical fibers.
This newly developed technique of disordered optical fiber fabrication led to the
first ever doped silicate TALOFs being realized, comprised of passive (SrO and Al2O3,
Chapter III), active (Yb2O3 and Er2O3, Chapter IV), and nonlinear dopants (SrO, Al2O3,
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and Yb2O3, Chapter V). Additionally, the precursor constituents utilized in the stack-anddraw method have extended beyond MCM-derived optical fiber to in-house designed
MCVD-derived hollow core fibers. Inasmuch, this technique has proved highly versatile
for incorporating new dopants into the disordered core, thus opening the periodic table
for further studies of material influences on transverse Anderson localizing optical fiber.
Present losses were too high in these fibers for the demonstration of either lasing or
amplification in these TALOFs. However, rather unexpectedly, it was found that in the
presence of spontaneous emission, TAL appears to be lost. When pumping the active
TALOFs at wavelengths within the ion absorption bands, spontaneous emission would
occur that ultimately masks the localization. It is not clear if the localization is
completely destroyed, or if the spontaneous emission simply covers up the localization.
While this may not be necessarily beneficial for lasing, the spontaneous emission could
potentially be used to pump other seed sources in various localized modes for
amplification, once the losses have been improved.
Even though the resulting Δn was low in these TALOFs, thereby resulting in an
estimated silica-like nonlinear refractive index (n2) in the higher index phases, the
transversely disordered optical fiber demonstrated strong TAL in various regions across
the fiber cross-section. This permitted small localized mode areas (Aeff) of less than 40
μm2. The resultingly small Aeff permitted the first reported observation of optical
nonlinearities in a TALOF, specifically Raman and FWM. Longitudinal inhomogeneities
are likely impacting the FWM, and therefore shorter lengths of fiber could be used to
suppress Raman scattering, while enhancing FWM due to minimizing longitudinal
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inhomogeneities along the length of the fiber. As to the interplay between optical
nonlinearities and TAL, the results of this Dissertation at the very least support the
conclusion that the presence of nonlinearities and TAL are not mutually exclusive. The
nonlinearity resulting from strongly localized modes is enough to generate FWM, and
localization is maintained. Whether this localization is enhanced or weakened in the
presence of nonlinearities is not conclusive and requires further analysis. This work is not
meant to be decisive as to the underlying nature of Anderson localization in the presence
of nonlinearities; however, it provides an experimental platform for providing insight into
these fundamental questions.
Finally, an in-house technique used to characterize the disorder of the core
microstructure in these optical fiber systems was devised utilizing a radial distribution
function to measure the number of inclusions present within the cross-section of the core
as a function of the radius. The variance of the number of inclusions per radius indicates
the percent deviation away from the average value. For a theoretical photonic crystal
fiber, the number of inclusions scales linearly with the increase in radius; therefore, the
variance becomes 0%. For the fibers containing micro-inclusions in the core, the percent
variance ranged from 2% to 10% in the stack-and-draw fibers, and over 100% variance
for the phase separated fibers, indicating the degree of disorder present within the various
fiber systems. While initially this analysis was done merely to compare the disorder in
the microstructure of the fibers developed, it may potentially be useful to predict the
overall strength of localization possible by using an image of the fiber cross-section.
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VI. B. Present Challenges for Glass Anderson Localizing optical fibers
Disordered optical fibers were developed by each of the fabrication techniques
studied and adapted throughout this Dissertation (fabricate and elongate the formed
microphases of a phase separated system, stack-and-draw of precursor optical fibers).
However, not all of these techniques resulted in TALOFs. Those that did, brought with
them their own set of challenges that can be further optimized.
First and foremost, TALOFs are difficult to fabricate. The fabrication
methodology

presented

in

this

Dissertation

is

straightforward,

however

the

implementation is challenging, tedious, and incredibly time-consuming. A single TALOF
takes significant precursor preparation with multiple fiber draw stages (first to draw the
precursor fibers, then to draw the final stack). Even utilizing hollow tubes within the
stack requires the tubes to first be drawn to different dimensions before the final draw.
Due to the randomness desired in the microstructure, there is no one single recipe for
developing these fibers, as there are many “knobs” throughout the fabrication process
that can be turned to tailor the core microstructure of these TALOFs. This Dissertation
presents a method for developing these fibers, however, there remains ample
opportunities for optimizing the fiber fabrication process to reduce time, cost, and
material loss (broken fibers).
Since TALOFs are new in practice, many of the standard characterization
techniques used for commercial / conventional optical fibers need to be adapted as well.
Much of the characterization reported in this Dissertation was done through free-space
optics. This consequently yields high loss with mode coupling. Inasmuch, the loss
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mechanism(s) is(are) not entirely well understood in these fibers. Even though the
precursor fibers possessed loss values on the order of dB/m, the loss measured in these
TALOFs are on the order of dB/cm. Air bubbles are observed along the length of the
fibers and likely contribute to this loss but may not be the only factor. Additionally, the
refractive index difference between the higher and lower index phases is quite low (0.01)
which could lead to transverse scattering (more loss). Further studies are necessary to
understand the overarching loss mechanisms within the modes of these fibers and to
better understand and ultimately characterize the loss in these fibers. Furthermore,
theoretical studies are necessary to understand the impact of the material (Δn) and the
microstructure on wave propagation in these fibers to begin understanding the sources of
loss.
The high measured loss and delocalization resulting from the absorption and
spontaneous reemission in the active TALOFs presently limits the performance of lasing
and amplification. The reemission masks the localization, raising doubt when aligning the
pump laser into localized modes. Ideal transverse Anderson localizing optical fibers
should localize everywhere across the facet of the fiber. Those presented in this
Dissertation only localize in a few select modes. Overall, there are far too many
uncertainties when characterizing these novel fibers. Once the theoretical understanding
of the characterization has progressed, further material development can occur.
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VI. C. Future Perspectives
VI. C. 1. Phase separation
Slight microphase elongation was demonstrated in Chapter II with the NiO-SiO2
system, however it was insufficient for waveguiding. As shown by T. Seward [3], the
elongating of microphases is possible in glass that ultimately demonstrates waveguiding.
The limitation with the system presented in this Dissertation is the composition (thereby
the viscosity) of the protective cladding. The viscosity of the core is significantly lower
than that of the cladding, therefore, the temperature required for redrawing is much too
high to permit microphase elongation of the already phase separated core. This could
potentially be remedied through use of a different cladding composition, one that draws
at a lower temperature. For example, DuranTM borosilicate glass can be used as a preform
and is drawn below 1000°C. This permits for lower melting temperature compositions to
be investigated, such as bismuth or high alkali containing glasses. With enough
understanding of the MCM, one can predict the composition in the final core when
drawing with these various claddings. Then, the correct cladding could be selected to
match the viscosity of the resulting phase separated core, potentially resulting in
elongated microphases.
On the other hand, the ZrO2 – SiO2 system has a liquidus for the liquid-liquid
immiscibility region higher than the draw temperature for fused silica (approximately
2200°C [4]). Therefore, simply beginning with powder in the silica preform will not draw
at 2100°C, as shown in Figure VI.1.a with the unmelted power remaining in the drawn
glass. A flux may be added to tailor the melting temperature, and potentially the core
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Figure VI.1. a) The large diameter cane sample with pure ZrO2 as the powder
composition, the large white rods are unmelted powder. b) An electron micrograph of the
ZrO2-Li2O derived core showing devitrification.

viscosity, to permit microphase elongation. Unfortunately, many general fluxes (i.e.,
Li2O) often lead to devitrification of the glass (Figure VI.1.b). However, tailoring the
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precursor composition to include other flux agents, such as CaO, may still be a viable
route for tailoring the composition of the ZrO2 system.

VI. C. 2. Stack-and-draw
The fibers presented throughout this Dissertation developed using this modified
stack-and-draw simply demonstrate the beginning of TALOF development. The
versatility of the MCM opens the periodic table for investigating optical fiber core
compositions having never been developed. In turn, these novel composition fibers can
be stacked and drawn following the methodology outlined in this Dissertation to draw
TALOFs. The optical properties of the precursor fibers can be characterized to provide a
baseline for those the resulting TALOF should possess. This would provide both a route
for optimizing the characterization techniques, as well as optimizing the fabrication
process. Finally, this stack-and-draw method is not limited to fibers drawn using the
MCM. As shown by T. Tuan, et al. [5], rods of two homogeneous glass compositions can
be stacked in a preform (containing similar mechanical properties, i.e., thermal expansion
coefficient and viscosity) and drawn to a disordered TALOF. Commercial off-the-shelf
(COTS) optical fibers could potentially be used as well to develop these TALOFs and
would provide a good comparison as many of the optical properties of the COTS fibers
are well-known.
One of the limitations of the TALOFs developed throughout this Dissertation is
the low Δn between phases in the final fiber. Initial attempts at utilizing semiconductor
core fibers (Δn greater than 2) were unsuccessful due to the oxidation of the silicon core
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during redrawing. There are, however, many more semiconductor core compositions that
have been reported in the past few years [6,7], including silicon-germanium [8],
germanium [9], and indium-antimonide [10] to name a few. Some of these compositions
were drawn around 1000°C in soft-glass preforms. These compositions drawn at lower
temperatures may be less susceptible to oxidation than if drawn in a silica preform
(diffusion is a temperature driven process) and therefore may retain the higher index
phase in the final disordered fiber. Unfortunately, many of these semiconductor core
fibers reported high loss (dB/cm). If the loss observed in these TALOFs is a result of the
fabrication process, even if the semiconductor core phase is retained after stacking-anddrawing, the losses may be substantially high for any measurements to be conducted.
A secondary attempt at introducing high Δn scattering centers into the core was
through stacking and drawing hollow-core optical fibers doped with an active ring layer
surrounding the hole. However, the holes in the fibers collapsed during the draw,
consolidating into an all-solid core. At lower draw temperatures, it was found that the
cores remained closed, but the interstitials between the fibers began separating. Reducing
the temperature further results in the fiber breaking during the draw. Instead of reducing
the temperature, it may be possible to draw the stack of hollow core fibers while
pressurizing the preform to keep the central holes open. This process is generally done
for drawing hollow-core photonic crystal fibers [11]. With the interstitials separated, the
mechanical durability of the fiber diminishes. As such, when the fibers were cleaved for
localization measurements, the core would shatter. The silica and air TALOFs reported
by J. Zhao, et al. [12], contained a higher fill fraction of air, were much smaller in
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diameter (250 μm as compared to 1 mm), and were cleaved without shattering the core,
suggesting smaller diameter fibers may be a viable route.
Loss may be the most limiting factor (and the least understood) in the fibers
developed in this Dissertation. A detriment is the destructive nature of the cutback
method. The standard procedure for the cutback method is to align the input beam into
the desired mode, measure the output power, remove a known length from the output end
of the fiber, measure the output power and repeat. Each increment should see an increase
in power. This change in output power as a function of length represents loss. Regarding
a TALOF, the question becomes: which single mode represents the entirety of the
localized modes across the fiber, since all localized modes are different? How does one
begin to answer this question without prior knowledge of the loss in each individual
mode? Moving the input beam to different modes at each increment changes the input
conditions within each mode, which impacts the accuracy of the measurement. When
utilizing the bulk of the TALOF for applications such as image transport, the
performance of individual modes becomes less important. However, when specific modes
are excited for active applications (lasing or amplification), or studies regarding optical
nonlinearities, the loss becomes more critical.
To begin to better understand loss in these fibers, or at least begin ruling out
certain culprits, two TALOFs can be developed and compared. The first would be
developed using COTS Yb-doped fibers (dB/km loss), and the second would be MCMderived Yb-doped fibers (dB/m loss) drawn with a similar core composition and
diameter. If the precursor fibers were processed identically (i.e., consistent etching
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times), and fiber draw conditions were identical (preform dimensions, draw temperature),
the resulting microstructure should be similar in the final TALOFs. Then, all modes
could be characterized in each fiber using a CCD camera to extract the intensity profiles,
and modal effective areas could be determined. Finally, measure the loss using the
cutback method only characterizing a single mode in each fiber with comparable
effective areas to keep the input conditions consistent during the measurement. If the
magnitude of loss is similar, impurities from the precursor powders used to develop the
MCM-derived fibers can be ruled out as a major contributing factor of loss, suggesting it
is likely a result of the microstructure or unexpected micro-inclusions along the length of
the TALOF.
If the loss is a result of the microstructure, a more thorough understanding of the
evolution of the microstructure along the length of the fiber is necessary. Instead of
cleaving samples every 10 cm as demonstrated in Chapter IV, samples could be cleaved
in 1 cm increments (or smaller, depending on the quality of the cleaver) and imaged.
These images could be compiled, and a representative 3D image produced. Alternatively,
a nondestructive method of characterizing the microstructure can be done with x-ray
computed tomography (CT) with up to nanometer resolution [13-15] to develop a 3D
representation of the microstructure. This would provide a more accurate depiction of the
microstructure and can begin providing clues as to the origins of loss in these TALOFs.
Additionally, it would support theoretical models to better understand how the light is
propagating along the fiber in certain localized modes.
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Loss in these TALOFs is likely a combination of mechanisms; low Δn causing
light leakage, micro-inclusions causing scattering, precursor impurities, however these
claims are simply speculation. Once the mechanisms driving loss in these TALOFs are
better understood, they can be alleviated in subsequent generations of these TALOFs.
As discussed in Chapter IV regarding the actively doped TALOFs, depending on
the amplification performance of pumping various localized modes with spontaneous
emission, another option for pumping the Er-doped TALOF amplifier could be to sidepump the fiber. This could potentially amplify all localized modes in the cross section,
whereby individual modes could then be seeded. It would be interesting to compare the
efficiency of the two pumping schemes. Additionally, while the spontaneous emission
might be an unanticipated challenge, rather clever techniques of incorporating light
absorbing claddings in optical fibers have been utilized, such as double-clad erbiumdoped fiber amplifiers with the inner clad doped with absorbing ions such as samarium
(Sm) [16-18]. The absorption spectra of Sm overlaps with the amplified spontaneous
emission (ASE) spectra of Er and can effectively filter the amplification wavelength
[16,18]. A next-generation iteration of this Er-doped TALOF could have a secondary ring
layer doped with Sm around the higher-index phases (or simply dope the lower index
phase) to filter the spontaneous emission, so the higher index (Er-doped) regions
potentially maintain the lasing / amplifying light.
Since it has been determined that optical nonlinearities and TAL are not
necessarily mutually exclusive, the impact of optical nonlinearities on TAL can be further
investigated by providing experimental evidence within these TALOFs to support the
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theoretical models. Using MCM-derived fibers with dopants containing higher nonlinear
refractive indices (i.e., GeO2 or Y2O3) could enhance the nonlinearities observed in these
fibers. Furthermore, pumping these localized modes with two high intensity pulsed lasers
simultaneously (e.g. 532 nm and 1064 nm) could aid in FWM generation. Also, if all
localized modes in these fibers have different modal properties, it may be possible to
demonstrate multiple four-wave mixing (FWM) frequency shifts in a single TALOF,
simply by pumping different localized modes. Finally, since lasing in these fibers through
use of active ions (e.g. Yb3+ or Er3+) proves challenging, and a strong Raman shift is
observed in many of the modes, it may be possible to create a Raman laser [19] with the
TALOF in a similar cavity setup as used in Chapter IV. Since, rather unexpectedly, it was
found that spontaneous emission masks the localization, and postulated that directional
emission would relocalize the beam, such a schematic could potentially provide insight
into the effects of directional emission (lasing) on TAL.

VI. C. 3. Additive Manufacturing
A more recent technique demonstrated by a few groups is the development of
both core/clad and microstructured optical fiber through additive manufacturing (AM)
[20-24]. AM [25] is the process of developing specialized parts through depositing the
material layer by layer until the final 3D part is “printed.” The beauty of AM stems from
an ability to design an image or structure in some computer 3D modeling software, and
subsequently have a part printed. Several techniques of additive manufacturing include
Fused

Deposition

Modeling

(FDM),

Selective
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Laser

Sintering

(SLS),

and

Stereolithography (SLA). AM is not limited to polymer printing, as glass and metal [25]
parts have been demonstrated in recent years with high precision.
FDM utilizes a filament that is melt extruded and deposited on a platform. The
layers cool and harden before subsequent layers are deposited until the full part has been
fabricated. The resolution is determined by the tip of the extrusion head and generally is
on the order of a few hundred microns. Instead of extruding a molten phase, SLS (as the
name suggests) uses a laser to sinter a powdered material. Powder is added to the
deposition platform and the laser sinters specific regions to begin fabricating the part.
This process continues layer-by-layer until the final part is produced. Since SLS is laserassisted, the resolution is comparable to the laser beam width and can be much smaller
than FDM. SLA is a similar process, except the powder material is replaced with a lightcuring resin or a photopolymer. A light source (usually UV, 365-405 nm) selectively
cures the polymer until the final part is produced.
Depending on the desired application, different AM techniques can be used for
development of the final part. Through AM, virtually any microstructure can theoretically
be designed in a 3D computer software and subsequently printed to a precursor rod,
which can then be drawn to the final fiber. The composition can be altered to study
various material properties, or the microstructure can be tailored to change the size,
shape, and number of inclusions present within the printed part to study the physics of
wave propagation in custom designed microstructures that closely resemble those used in
theoretical models. Then, through careful drawing parameters, the printed part can be
drawn to a fiber possessing the desired microstructural dimensions. This potentially
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offers a method for precisely designing truly randomized structures within the core of an
optical fiber and effectively bridging the theory of transverse Anderson localization of
light in an optical fiber to the experimental counterpart.
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